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P-31  MRS  is  used  to  do  the  following:  detect  chemotherapy- 
resistant  human  osteosarcomas  implanted  into  a  nude  mouse  model; 
determine  anesthetic  and  temperature  effects  on  spectra  in  the 
nude  mouse  model;  monitor  the  metabolic  changes  in  skeletal  muscle 
that  occur  in  peripheral  vascular  disease  (PVD)  patients  with 
claudication;  and  compare  metabolic  changes  in  skeletal  muscle  of 
PVD  and  congestive  heart  failure  (CHF)  patients  with  age-matched 
normal  volunteers.  Development  of  P-31  MRS  in  the  therapy 
monitoring  of  patients  with  musculoskeletal  tumors  is  also 
presented.  Water  suppressed,  proton  magnetic  resonance 
spectroscopy  is  developed  for  use  in  diagnosis  and  monitoring  of 
the  therapy  response  of  musculoskeletal  neoplasms  including 
osteosarcoma . 

Significant  changes  in  the  phosphocreatine  to  inorganic 
phosphate  ratio  are  found  in  treated  and  sensitive  osteosarcomas 
in  mice  before  change  in  the  size  of  the  tumors.  This  ratio  does 
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not  change  significantly  in  either  untreated  or  resistant  tumors. 
Minimal  direct  anesthetic  effects  are  seen  on  P-31  metabolites  and 
pH  in  implanted  osteosarcoma  in  mice.  A  profound  effect  of 
anesthesia  is  seen  on  the  thermoregulatory  ability  of  the  mice. 
The  changes  in  pH  with  change  in  temperature  match  those  described 
in  other  animal  models  and  humans. 

Proton  spectroscopy  is  successfully  implemented  in  eleven 
musculoskeletal  patients  and  statistically  significant  differences 
in  the  choline  to  creatine  (Cho/Cr)  ratio  between  malignant  tumors 
and  necrosis,  edema,  benign  tumors,  and  normal  muscle  are  found. 
Four  of  the  patients  with  malignant  tumors  have  follow-up  studies. 
Follow  up  studies  show  a  statistically  significant  drop  in  Cho/Cr 
ratio  with  treatment.  In  one  patient,  a  change  is  seen  within 
three  days  of  the  start  of  chemotherapy. 

Significant  increase  in  the  post-exercise  rate  of  recovery  of 
the  phosphorylated  sugar  peaks  and  pH  is  seen  using  P-31  MRS 
following  low-intensity  training  of  PVD  patients.  Significant 
differences  in  the  rate  of  recovery  of  high  energy  metabolites  and 
pH  in  skeletal  muscle  are  seen  between  normal  volunteers  and  PVD, 
CHF,  and  heart  transplant  patients. 
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CHAPTER  1 
INTRODUCTION 


The  objective  of  this  dissertation  was  to  develop  and 
implement  magnetic  resonance  spectroscopy  (MRS)  techniques  in  the 
diagnosis,  treatment  monitoring,  and  basic  understanding  of  the 
disease  process  of  musculoskeletal  disorders.  The  techniques  used 
were  in  vivo  phosphorus  and  proton  MRS  applied  to  a  mouse  model 
and  to  humans.  A  2.0  Tesla  small-bore  and  a  1.5  Tesla  whole-body 
magnet  were  used  for  these  studies.  Volume-selective  and  surface 
coil  techniques  were  used  for  localization.  A  treadmill  and  an  in- 
magnet  ergometer  were  used  for  the  exercise  studies .  Bone  and  soft 
tissue  tumors  were  examined  as  well  as  skeletal  muscle  in  patients 
with  congestive  heart  failure,  peripheral  vascular  disease,  and 
heart  transplant. 

The  diagnosis  and  treatment  monitoring  of  disease  by 
clinicians  utilizes  the  history  or  complaints  of  the  patient, 
physical  examination,  and  various  tests  or  procedures.  The  tests 
range  from  rather  invasive  and  sometimes  risky  procedures  such  as 
surgery  and  biopsy  to  relatively  risk-free  test  such  as  body  fluid 
analyses,  EKG's,  x-rays,  and  MR  imaging  and  spectroscopy.  The 
purpose  of  this  dissertation  is  to  explore  several  unique 
applications  of  MR  spectroscopic  techniques  in  the  diagnosis, 
treatment  monitoring,  and  basic  understanding  of  musculoskeletal 
disorders . 
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Magnetic  resonance  spectroscopy  (MRS)  of  intact  biological 
tissues  was  first  reported  by  two  groups:  Moon  and  Richards  using 
P-31  MRS  to  examine  intact  red  blood  cells  in  1973  (1),  and  Hoult 
et  al.  using  P-31  MRS  to  examine  excised  leg  muscle  from  the  rat 
in  1974  (2) .  Since  then  MRS  has  been  applied  to  almost  every  organ 
of  the  body  including  brain  (3-7),  heart  (8-11),  liver  (8,  12-14), 
kidney  (15-17),  prostate  (18-20),  and  extremities  (21-23).  MRS  is 
useful  for  looking  at  disorders  of  metabolism,  tumors  and  certain 
inflammatory  and  ischemic  diseases.  Most  of  the  work  with  in  vivo 
MRS  in  humans  has  been  in  the  brain.  Abnormalities  have  been  seen, 
sometimes  with  earlier  detection  than  for  any  other  diagnostic 
procedure  short  of  biopsy,  in  primary  brain  tumors  (6,  24-31), 
infections  such  as  AIDS  (32,  33),  demyelinating  disorders  such  as 
multiple  sclerosis  (34),  epilepsy  (35),  and  stroke  (36,  37). 

Spectroscopic  changes  are  documented  in  a  variety  of  enzyme 
deficiencies,  mitochondrial  abnormalities,  dystrophies, 
inflammatory  myopathies,  and  thyroid  disease.  In  muscle  these 
diseases  include  phosphofructokinase  deficiency,  amyloglucosidase 
deficiency,  Duchenne  muscular  dystrophy,  Becker  muscular 
dystrophy,  dermatomyositis,  polymyositis,  inclusion  body  myositis, 
hypothyroidism,  and  congestive  heart  failure  (CHF)  (38-43). 

The  research  presented  in  this  dissertation  deals  with 
application  of  MRS  to  disorders  of  the  extremities,  specifically, 
the  musculoskeletal  system.  These  applications  have  been 
relatively  neglected  except  unlocalized  P-31  MRS  of  mitochondrial 
and  enzyme  abnormalities.  Diseases  of  the  musculoskeletal  system 
for  which  MRS  may  have  some  value  include  metabolic  (including 
ischemic)  diseases  and  neoplasms.  MRS  may  be  useful  for  diagnosis, 
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treatment  monitoring,  or  understanding  of  the  basic  mechanism  of 
these  diseases. 

Changes  in  muscle  function  and  P-31  metabolism  of  patients 
are  reported  with  both  peripheral  vascular  disease  (44-46)  and  CHF 
(47-49) .  P-31  MRS  data  are  presented  in  this  dissertation  from  a 
unique  treatment  for  peripheral  vascular  disease  (PVD)  patients 
introduced  a  few  years  ago  (44) .  This  treatment  was  implemented 
recently  on  PVD  patients  locally. 

MRS  of  neoplastic  disease  involving  the  musculoskeletal 
system  has  not  been  evaluated  extensively.  This  is  probably  a 
result  of  the  rare  occurrence  of  musculoskeletal  tumors  and  the 
demanding  technical  problems.  For  this  dissertation,  several  types 
of  musculoskeletal  tumors  in  humans  and  an  osteosarcoma  model  in 
mice  are  studied  with  P-31  and  proton  (H-l)  MRS.  I  hope  that  this 
technique  will  eventually  allow  detection  of  chemotherapy  and 
radiation  therapy  nonresponders  in  humans  earlier  than 
conventional  imaging  procedures.  This  would  result  in  reducing  the 
delay  for  surgery  and  reducing  unnecessary  chemotherapy  and 
radiation  therapy  costs.  Our  spectroscopy  research  group  plans  to 
extend  the  animal  research  to  evaluating  new  drugs  for  reversing 
chemotherapy  resistance.  This  will  be  applied  to  humans  later  if 
successful  in  the  animal  model. 

The  effects  of  temperature  and  anesthesia  on  the  P-31 
metabolites  and  pH   will  be  examined  in  mice.  If  present,  these 
effects  could  alter  the  results  of  the  chemotherapy  studies. 

Research  Hypotheses 

The  following  are  the  hypotheses  that  will  be  tested  in  this 
dissertation : 


Mouse  P-31  Tumor  Studies 

The  presence  or  absence  of  statistically  significant 
differences  in  the  rates  of  change  of  the 
phosphocreatine/inorganic  phosphate  ratio  (PCr/Pi)  and 
phosphomonoesters  (PME)  between  a)  untreated  and  treated  mice;  and 
b)  chemotherapy-treated  sensitive  and  resistant  mice  will  be 
determined.  This  information  will  be  used  to  calculate  the 
sensitivity  and  specificity  for  detecting  the  untreated  mice  and 
the  resistant  mice. 
Human  P-31  Tumor  Studies 

The  PCr/Pi  ratio  and  the  PME  signal  will  be  examined  in 
spontaneous  musculoskeletal  tumors  in  humans,  using  localized  P-31 
MRS,  in  hopes  of  using  this  information  to  detect  tumors  that  fail 
to  respond  to  therapy. 
Anesthetic  and  Temperature  Dependence  of  P-31  Metabolites 

The  presence  or  absence  of  the  following  phenomena  will  be 
determined: 

1)  Anesthesia  with  Innovar-Vet  causes  loss  of  thermoregulation  in 
nude  mice  at  doses  required  for  immobilization  for  MRS  studies. 

2)  Intracellular  pH  in  implanted  osteosarcoma  in  the  nude  mouse 
exhibits  a  temperature  dependency  similar  to  that  reported  in 
other  tissues  and  in  other  models,  including  humans. 

3)  Anesthesia  effects  may  be  seen  in  the  pH  and  P-31  metabolites 

of  osteosarcoma. 

Animal  H-l  Tumor  Study 

An  osteosarcoma  mouse  model  will  be  used  to  determine  the 

following : 
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1)  Localized  H-l  MR  spectra,  using  water  suppression  techniques, 
will  be  successfully  acquired  from  osteosarcomas  implanted  in  nude 
mice . 

2)  Proton  spectra  from  mouse  tumors  will  show  abnormalities  in  the 
choline/creatine  (Cho/Cr)  ratio. 

Human  H-l  Tumor  Study 

The  H-l  MRS  of  mice  will  be  complemented  with  examination  of 
musculoskeletal  tumors  in  humans  to  evaluate  the  following 
hypotheses : 

1)  Localized  H-l  MR  spectra,  using  water  suppression  techniques, 
will  be  successfully  acquired  from  spontaneous  musculoskeletal 
tumors,  including  osteosarcomas,  in  humans. 

2)  Viable  tumor  tissue  will  be  distinguished  from  normal  muscle, 
edematous  tissue,  and  necrosis  by  H-l  MRS  in  humans. 

3)  The  response  to  chemotherapy  of  musculoskeletal  tumors  in 
humans  will  be  detected  and  quantified  by  changes  in  the  H-l 
spectrum. 

4)  The  localized  H-l  spectral  data  from  humans  will  be  correlated 
with  magnetic  resonance  imaging  (MRI),  computed  tomography  (CT) , 
and  histopathology  of  the  tumors. 

5)  Changes  in  Cho/Cr  ratio  will  be  used  to  differentiate 
chemotherapy  non-responders  from  responders  and  will  do  so  earlier 
than  with  MRI  or  CT. 

Exercise  Studies 

We  will  use  P-31  MRS  of  leg  muscle  in  conjunction  with 
exercise  testing  to  test  the  following: 


1)  Improvement  in  the  post-exercise  recovery  rates  of  phosphorus 
metabolites  and  pH  will  be  seen  after  low-intensity  exercise 
training. 

2)  Significant  differences  will  be  seen  in  the  immediate  post- 
exercise  metabolite  levels  and  pH  in  the  skeletal  muscle  of  PVD 
patients,  CHF  patients,  heart  transplant  patients,  and  normal 
volunteers . 

3)  Significant  differences  will  be  seen  in  post-exercise  recovery 
rate  of  phosphorus  metabolites  and  pH  in  skeletal  muscle  of  PVD 
patients,  CHF  patients,  heart  transplant  patients,  and  normal 
volunteers  following  exercise. 

Specific  Objectives 
Mouse  P-31  Tumor  Studies 

Phosphorus  MRS  data  will  be  collected  from  an  osteosarcoma 
mouse  model  using  a  2  Tesla  (T)  MR  spectrometer.  Data  will  be 
obtained  and  analyzed  to  show  any  statistically  significant 
differences  in  metabolite  levels  between  untreated  and  treated 
mice  and  between  treated  sensitive  and  resistant  tumor  mice. 
Human  P-31  Tumor  Study 

1)  Existing  localization  technigues  on  a  1.5  T  whole  body  magnetic 
resonance  (MR)  scanner  (Signa,  General  Electric  Company, 
Milwaukee)  will  be  evaluated  and  (if  necessary)  modified  to  obtain 
well-localized  P-31  spectra.  Chemical  shift  imaging  (CSI) 
techniques  will  be  evaluated  with  phantoms,  human  volunteers,  and 
patients.  Spectral  data  will  be  obtained  with  signal-to-noise  and 
spectral  resolution  adequate  to  show  metabolite  concentration 
differences  between  normal  muscle,  treated  tumors,  and  untreated 
tumors . 


2)  Localized  spectra  of  the  tumor,  necrosis,  and  surrounding 
normal  and  edematous  tissue  will  be  compared  to  the  MRI  in  the 
humans . 
Anesthetic  and  Temperature  Dependence  of  P-31  Metabolites 

1)  Nude  mice  with  implanted  tumors  will  be  anesthetized  with 
Innovar-Vet  and  their  rectal  and  skin  temperature  measured  over  a 
two  hour  period  to  detect  any  loss  of  thermoregulation. 

2)  Serial  P-31  spectra  will  be  obtained  from  anesthetized  mice 
that  become  hypothermic  and  from  mice  that  are  heated  to  maintain 
normal  body  temperature  over  a  two-hour  period.  Peak  areas  and  pH 
will  be  measured  and  correlated  with  the  rectal  temperature  and 
the  time  from  injection  of  anesthesia. 

Animal  H-l  Tumor  Study 

Surface  coils  and  a  Faraday  shield  will  be  used  initially  for 
localization  in  mice  in  a  2  T  spectrometer/imager .  Water 
suppression  techniques  will  be  evaluated  with  phantoms  and  mice  to 
obtain  200+  fold  suppression  of  water.  Spectral  data  will  have 
spectral  resolution  sufficient  to  resolve  the  Cho  and  Cr  peaks 
(-0.2  ppm) . 
Human  H-l  Study 

1)  Existing  localization  techniques  on  the  whole-body  MR  scanner 
will  be  evaluated  and  (if  necessary)  modified  to  obtain  well- 
localized  H-l  spectra.  Various  water  suppression  techniques  will 
be  evaluated  with  phantoms,  human  volunteers,  and  patients  to 
obtain  200+  fold  suppression  of  water.  Shimming  and  adjustment  of 
voxel  size  will  be  done  to  obtain  a  spectral  resolution  sufficient 
to  resolve  the  Cho  and  Cr  peaks  (-0.2  ppm)  . 
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2)  Localized  spectra  of  the  tumor,  necrosis,  and  surrounding 
normal  and  edematous  tissue  will  be  compared  to  the  MRI  in  the 
tumor  patients. 

3)  The  prebiopsy  H-l  spectral  data  will  be  correlated  with  MRI  and 
CT,  and  the  histopathology  of  the  biopsy  material  in  humans. 

4)  Changes  in  spectral  data  during  and  after  therapy  will  be 
documented.  These  changes  will  be  compared  with  imaging  data, 
gross  and  microscopic  histopathology,  and  tumor  response  to 
therapy.  Estimates  of  the  ability  of  H-l  MRS  to  distinguish  benign 
from  malignant  tissues  and  therapy  responders  from  nonresponders 
will  be  made. 

Exercise  Studies 

1)  Recovery  rates  will  be  calculated  for  pH  and  P-31  metabolite 
levels  obtained  in  the  whole  body  MR  scanner  following  a  treadmill 
exercise  stress  test  of  PVD  patients  before  and  after  low- 
intensity  exercise  training.  The  data  will  be  tested  for  any 
significant  changes  from  pre-  to  posttraining. 

2)  P-31  metabolite  levels  and  pH  will  be  measured  from  PVD 
patients,  CHF  patients,  heart  transplant  patients,  and  normal 
volunteers  in  the  whole  body  MR  scanner  during  and  following 
exercise  with  an  in-magnet  ergometer.  Absolute  metabolite 
concentrations  and  recovery  rates  will  be  calculated.  Differences 
in  these  parameters  among  the  four  groups  of  subjects  will  be 
determined . 

Collaborations 
Part  of  the  work  presented  in  this  dissertation  was  done  in 
collaboration  with  others.  The  treated  and  untreated  mouse  section 
and  the  sensitive  and  resistant  mouse  section  were  a  joint  effort 
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of  J.R.  Ballinger,  H.  Kang,  and  C.A.  Sweeney.  Specific  details  of 
each  person's  contribution  are  presented  later.  The  sections  on  P- 
31  spectroscopy  of  musculoskeletal  tumors  in  humans  and  anesthetic 
and  temperature  dependence  of  pH  and  P-31  metabolites  in  mice,  and 
the  chapter  on  H-l  spectroscopy  of  musculoskeletal  tumors  was  the 
work  of  J.R.  Ballinger  alone.  The  spectroscopy  results  in  the 
chapter  on  P-31  spectroscopy  of  skeletal  muscle  in  peripheral 
vascular  disease  and  congestive  heart  failure  was  the  work  of  J.R. 
Ballinger,  with  the  ancillary  exercise  testing  performed  by  C. 
Stopka,  W.  Breshue,  and  colleagues.  A.  Velenik,  a  postdoctorate 
fellow  at  the  time,  set  up  and  performed  the  transfer  of  some 
exercise  data  from  the  Siemens  scanner  to  a  workstation  for 
analysis . 


CHAPTER  2 
TECHNIQUES 

Localization  Techniques 

Radio  Frequency  Localization 

In  vivo  MRS  generally  requires  some  degree  of  localization. 
With  implanted  tumors  in  mice,  it  is  desirable  to  obtain  the 
signal  from  the  tumor  only  and  not  from  underlying  muscle.  Muscle 
and  fat  are  found  surrounding  most  musculoskeletal  tumors  in 
humans.  Muscle  may  cause  signal  contamination  in  both  unlocaiized 
P-31  and  H-l  tumor  spectra,  and  fat  may  cause  undesirable  lipid 
contamination  in  H-l  tumor  spectra.  Localization  requirements  are 
less  strenuous  in  P-31  MRS  of  calf  muscle  for  metabolic  studies. 
Here  too,  potential  problems  exist  without  some  degree  of 
localization.  Different  muscle  groups  are  used  to  different 
degrees  in  any  given  exercise  (for  example  the  soleus  and  the 
gastrocnemius  in  the  calf) .  These  two  muscle  groups  also  have 
different  proportion  of  muscle  fiber  types  (50) .  Both  these 
factors  may  introduce  variability  in  spectral  data. 
Surface  Coil  Localization 

The  simplest  localization  technique  is  with  a  surface  coil. 
Localization  with  this  technique  relies  on  the  limited  extent  of 
the  B,_  field  to  define  the  volume  of  interest  (51)  .  The  distance 
from  the  coil  at  which  a  90"  tip  angle  occurs  (providing  the 
maximum  signal)  may  be  varied  by  adjusting  the  amplitude  or  length 
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of  the  radio  frequency  (RF)  pulse.  This  technique  has  been  used 
for  localizing  implanted  tumors  in  nude  mice  by  various  authors, 
including  ourselves  (18,  52,  53).  Double-tuned  coils  to  P-31  and 
H-l  provide  proton  imaging  and  shimming  capability  along  with 
phosphorus  spectroscopy  (54) .  A  Faraday  shield  around  the  base  of 
the  tumor  may  be  used  to  remove  additional  unwanted  signal  from 
surrounding  muscle  and  other  tissues  (55). 
Selective  Presaturation 

Another  localization  technique  involves  selective  saturation 
of  the  spins  outside  the  volume  of  interest  (VOI) .  Excitation  and 
dephasing  of  the  spins  outside  the  VOI  are  immediately  followed  by 
acquisition  of  a  free  induction  decay  (FID),  spin  echo  (SE) ,  or 
stimulated  echo  from  the  tissue  inside  the  VOI.  This  technique  may 
be  combined  with  selective  excitation  localization  techniques.  The 
VOI  may  be  defined  by  saturating  orthogonal  slabs  or  cylindrical 
volumes  (56-58) . 
Selective  Excitation 

Several  localization  techniques  use  selective  excitation  and 
detection  of  spins  to  detect  the  signal  from  within  a  VOI.  One  of 
the  original  volume  excitation  localization  techniques  is  VSE 
(volume  selective  excitation)  (59) .  More  accurate  localization 
techniques  with  less  power  deposition  are  used  more  commonly  now. 
ISIS  (Image-selected  in  vivo  spectroscopy)  localization  (60)  has 
been  used  frequently  with  P-31  MRS  and  has  been  reported  at  least 
once  with  H-l  MRS  of  the  human  brain  (61).  This  technique  uses 
three  180°  inversion  RF  pulses  with  gradients  to  select  orthogonal 
slabs,  defining  the  VOI  at  the  intersection.  This  is  followed  by  a 
90°  excitation  pulse  and  signal  acquisition.  An  eight-step  phase 
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cycling  routine  is  used  to  eliminate  the  residual  signal  from 
outside  the  desired  voxel.  Additional  spatial  presaturation  pulses 
may  be  necessary  to  eliminate  additional  extraneous  signal  from 
outside  the  VOI  as  the  result  of  subtraction  errors  during  the 
ISIS  experiment.  A  multivolume  ISIS  technique  has  been  described 
using  multiple-line  frequency  selective  pulses  (62).  For  n 
volumes,  2n  experiments  must  be  done.  The  number  of  experiments 
required  for  a  small  number  of  voxels  with  in  vivo  spectroscopy 
would  not  be  a  problem  as  we  need  about  256  averages  for  adequate 
signal-to-noise . 

Commonly  used  selective  excitation  localization  techniques 
for  H-l  MRS  include  STEAM  (STimulated  Echo  Acquisition  Mode)  (63, 
64),  PRESS  (Point  Resolved  Spectroscopy)  (65,  66),  and  SPARS 
(SPAtially  Resolved  Spectroscopy)  (67,  68).  STEAM  selectively 
excites  three  orthogonal  planes  with  two  90c  RF  pulses  and  one  I30c 
RF  pulse  followed  by  acquisition  of  a  stimulated  echo.  A  localized 
image  may  be  obtained  to  confirm  proper  positioning  and  size  of 
the  VOI.  This  sequence  collects  only  one-half  of  the  original 
signal  but  allows  a  short  echo  time  (TE)  (20  ms  or  less)  . 

If  more  signal  is  necessary  because  of  a  small  VCI  or  low 
levels  of  metabolites,  the  entire  signal  can  be  collected  as  a 
spin  echo  using  the  PRESS  technique.  PRESS  consists  of  gradient 
localized  90°-180°-180°  RF  pulses.  The  SPARS  technique  consists  of 
three  sets  of  90°-180o-90°  RF  pulses  applied  in  the  presence  of 
gradients.  SPARS  localization  results  in  significant  contamination 
from  outside  the  VOI  unless  care  is  taken  in  adjusting  the  180° 
pulses.  This  problem  is  not  seen  with  STEAM  (22).  SPARS  has  a 
greater  RF  load  on  the  patient  than  STEAM  or  PRESS  (67) .  There  is 
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a  sacrifice  of  a  longer  echo  time  in  the  PRESS  and  particularly 
the  SPARS  techniques  resulting  in  T2  decay  of  the  signal.  This  is 
rarely  a  problem  with  H-l  MRS  because  of  the  long  T2  relaxation 
times  of  observable  metabolites  (69-71). 
Chemical  Shift  Imaging 

Chemical  Shift  Imaging  (CSI)  involves  the  use  of  stepped 
gradients  to  phase  encode  the  spectra  in  one  to  three  dimensions 
(72,  73) .  CSI  has  one  major  advantage  over  single  volume 
localization  methods.  Spectra  from  multiple  locations  within  the 
VOI  may  be  sampled  simultaneously  (60,  74,  75).  Sampling  multiple 
areas  within  a  tumor  is  desirable  because  of  the  heterogeneity  of 
many  tumors.  Spectra  from  adjacent  normal  tissue  are  sometimes 
desirable . 

There  are  two  significant  disadvantages  of  these  methods. 
First,  45^  or  more  of  the  signal  from  a  voxel  comes  from  bleeding 
from  other  voxels  (76) .  This  occurs  because  CSI  uses  a  finite 
number  of  phase  encoding  steps  to  generate  a  limited  series  of 
sine  and  cosine  functions  to  encode  discrete  and  discontinuous 
voxels.  The  bleeding  can  be  reduced  with  the  use  of  selective 
Fourier  transform  localization  (76,  77).  With  this  technique,  the 
k-space  data  set  is  weighted  by  a  function  that  maximizes  the 
signal  from  acquisitions  with  small  gradients  and  minimizes  the 
signal  from  acquisitions  with  strong  gradients.  Maximum  SNR  per 
unit  time  is  accomplished  with  this  technique  by  varying  the 
number  of  averages  at  each  phase-encoded  step.  Similar  results  may 
be  obtained  with  post  processing  by  multiplying  the  k-space  data 
matrix  in  the  spatial  directions  by  an  apodizing  function,  such  as 
a  Hanning,  sine,  Gaussian,  or  Fermi  function.  Use  of  a  filter 
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causes  a  small  drop  in  SNR,  yielding  approximately  2%  less  signal 
than  a  CSI  acquisition  without  a  filter.  The  filter  decreases  the 
contamination  from  outside  the  voxel  to  about  11%  (76) .  The  width 
of  the  response  function  in  each  spatial  dimension  increases  by 
1.6  times  that  without  weighing  the  data.  To  compensate  for  the 
increase  in  width  of  the  response  function,  the  phase  encoded 
steps  may  be  increased  by  1.6  or  the  field  of  view  (FOV)  may  be 
decreased  by  the  same  factor.  A  modification  of  the  selective 
Fourier  transform  CSI  experiment  was  developed  using  variable  flip 
angles  at  different  phase  encoding  steps  to  reduce  bleed  and 
improved  SNR  per  unit  time  (78) .  The  efficiency  of  these 
techniques  has  been  compared  recently  (79) . 

Water  Suppression  Techniques 

The  adult  human  is  approximately  60*  water  by  weight; 
skeletal  muscle  is  approximately  79%  water  (SO) .  This  results  in  a 
concentration  of  water  in  skeletal  muscle  of  about  44  M.  The 
concentration  of  metabolites  of  interest  in  H-l  MRS  is  between  5 
mM  and  30  mM.  This  1400+  fold  difference  in  concentration  results 
in  a  dynamic  range  problem  for  the  receiver  and  the  analog-to- 
digital  converter  of  most  spectroscopy  systems  and  causes 
difficulty  in  quantitating  accurately  nearby  peaks.  It  is 
therefore  desirable  to  reduce  or  eliminate  the  water  signal  for 
detection  and  accurate  quantification  of  metabolites. 

Desirable  features  of  a  solvent  suppression  technique  include 
uniform  excitation  of  the  nonsuppressed  peaks  of  interest.  Hore 
has  summarized  other  desirable  features  for  solvent  suppression 
pulse  sequences: 
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(a)  insensitivity  to  B0  inhomogeneity  and  small 
errors  in  the  choice  of  transmitter  frequency;  (b) 
wide  band  excitation,  preferably  on  both  sides  of  the 
solvent;  (c)  insensitivity  to  pulse  imperfections  (B: 
inhomogeneity,  nonideal  pulse  shapes,  off  resonance 
effects,  phase  shift  errors);  (d)  only  linear  phase 
correction  required;  (e)  simple  modification  to 
obtain  a  130°  pulse;  and  (f)  easy  to  program  and  use. 

(81)  pp.  285-286 

One  of  the  first  proposed  methods  for  reducing  the  water 
signal  in  H-l  MRS  was  Redfield's  long,  weak  90  degree  RF  pulse 
(82).  The  pulse  results  in  a  narrow  bandwidth  of  excitation 
centered  off  resonance  from  water  and  on  the  frequency  of  the 
metabolite  resonance  of  interest.  This  method  is  sensitive  to 
magnetic  field  inhomogeneity  resulting  in  incomplete  suppression 
of  the  water  peak,  or  nonuniform  excitation  of  the  desired 
metabolite,  or  both.  The  length  of  the  pulse  results  in  T2 
weighting  to  the  signal  and  a  rolling  baseline  artifact.  Redfield 
later  introduced  a  "2-1-4  pulse"  sequence  that  uses  alternating 
180  degree  phase  shifts  of  a  constant  amplitude  RF  pulse  in  a 
timing  pattern  of  2-1-4-1-2  (83) .  This  results  in  a  sinusoidal 
excitation  spectrum  where  the  water  resonance  is  at  a  null  point. 
This  sequence  results  in  a  100-fold  decrease  in  the  water  signal. 
Disadvantages  of  the  2-1-4  sequence  include  nonuniform  excitation 
of  resonances  of  different  chemical  shifts  and  incomplete  water 
suppression. 

Plateau  and  Gueron  introduced  a  sequence  of  strong  pulses  for 
water  suppression  (84).  These  pulses  are  simpler  to  generate  and 
less  sensitive  to  errors  in  pulse  amplitude  than  Redfield's  soft 
pulses.   This  sequence  consists  of  two  pulses  separated  by  a  delay 
t  (90°,  t,  -90°,  acquire)  with  the  pulses  centered  on  the  water 
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frequency.  In  the  rotating  frame  of  reference,  the  water 
magnetization  vector  is  flipped  on  to  the  +x  axis.  After  a  period 
t,  the  water  vector  has  remained  unchanged  in  position,  while 
other  resonances  have  undergone  precession  in  the  x-y  plane.  The 
second  pulse  returns  the  water  vector  to  the  z  axis  resulting  in 
no  component  in  the  x-y  plane  and  therefore  no  signal.  The  off 
resonant  vectors  will  have  a  component  of  varying  degree  remaining 
in  the  x-y  plane  resulting  in  a  signal.  The  amplitude  of  the 
signal  from  the  other  spins  follows  a  sinusoidal  pattern  in  the 
frequency  domain,  with  maximum  signal  from  those  spins  resonating 
at  ±  1/(4t)  Hz,  ±  3/(4x)  Hz,  etc.  relative  to  the  frequency  of 
water.  In  a  modification  of  this  technique  by  Bleich  and  Wilde 
(85)  (90°,  t,  +90°,  acquire)  the  RF  pulse  is  centered  Af  Hz  away 
from  the  water  resonance  such  that  the  peak  of  interest  is  located 
Af/2  from  water.  The  water  vector  is  allowed  to  rotate  1S0:  in  time 
t  at  which  time  the  second  pulse  returns  it  to  the  z  axis.  The 
peak  of  interest  will  remain  in  the  x-y  plane.  These  two  hard- 
pulse  sequences  result  in  a  300-fold  decrease  in  the  water  signal. 
Disadvantages  of  these  sequences  include  the  high  sensitivity  of 
the  water  suppression  to  phase  shifts  of  the  RF  pulses  and  to 
amplitude  balance  in  the  RF  channels  (81) . 

Hore  first  described  the  binomial  pulse  sequences  in  1983  in 
two  papers  (81,  86) .  The  binomial  pulse  sequences  were  developed 
to  have  the  following  properties:  1)  a  broad  null  to  accommodate 
widening  of  the  water  peak  due  to  magnetic  field  inhomogeneity  and 
to  allow  for  minor  errors  in  the  setting  of  the  transmitter 
frequency;  2)  a  wide  band  of  excitation  in  the  remainder  of  the 
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spectrum  of  interest;  3)  insensitivity  to  imperfections  in  the  RF 
pulse  shape  and  amplitude  (as  may  be  caused  by  finite  rise  and 
fall  times,  inhomogeneous  RF  fields  from  surface  coils,  and  off 
resonance  effects  due  to  the  long  pulse  lengths  needed  by  whole 
body  coils);  and  4)  a  short  sequence  length  to  allow  for  Tl 
measurements  if  desired. 

The  Fourier  transformations  of  the  binomial  pulse  sequences 
approximate  the  desirable  features  of  the  excitation  spectrum  at 
small  flip  angles.  Hore  chose  a  sinusoidal  function  for  an 
excitation  spectrum:  S  (go)  =sinn  (cot/2  )  .  The  inverse  Fourier 
transformation  of  this  function  gives  a  series  consisting  of 
equally  spaced  delta  functions  with  alternating  signs  given  by  the 
binomial  coefficients  (81) .  This  series  can  be  approximated  by  a 
series  of  equally  spaced  short  pulses  whose  amplitudes  are  given 
by  the  binomial  series,  e.g.,  1,2,1;  1,3,3,1;  1,4,6,4,1.  The  RF 
pulses  alternate  180°  phase  shifts.  The  longer  sequences  have 
broader  null  regions  and  would  therefore  be  more  efficient  in  ~ase 
of  a  broad  water  peak.  The  disadvantage  of  the  longer  sequences  is 
that  a  large  frequency  dependent  phase  shift  is  introduced  into 
the  spectrum  (87).  The  symmetric  sequences  (1,1;  1,3,3,1)  are 
insensitive  to  minor  errors  in  the  flip  angle  compared  to  the 
asymmetric  sequences.  This  is  because  each  pulse  in  a  symmetric 
sequence  has  an  oppositely  phased  pulse  of  the  same  amplitude. 
Signal  errors  resulting  from  imperfect  180°  phase  shifts  can  be 
corrected  with  phase  cycling  (88).  An  approximately  1000-fold 
decrease  in  the  water  signal  can  be  obtained  with  the  most 
commonly  implemented  binomial  sequence:  1,3,3,1.  Additional 
sequences  that  may  be  used  are  1,1,8,8,1,1  and  1,5,20,20,5,1  (87). 
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Water  suppressed  spectroscopy  can  also  be  performed  using 
presaturation  with  a  narrow  bandwidth,  frequency  selective  RF 
pulse,  the  so-called  CHESS  (CHEmical  Shift  Selective)  technique 
(63,  89-93).  Frahm  et  al .  describe  a  combination  of  two  CHESS 
pulses  followed  by  STEAM  localization  (94) .  Greater  suppression 
can  be  obtained  using  three  CHESS  pulses  (95,  96),  a  technique  we 
have  available  on  our  whole  body  scanner.  Addition  or  substitution 
of  a  binomial  sequence  (81,  86),  or  a  DANTE  (Delays  Alternating 
with  Nutations  for  Tailored  Excitation)  sequence  (97)  are 
alternatives.  The  water  suppression  from  T2  decay  with  the  long  TE 
PRESS  localization  technique  can  be  supplemented  with  preceding 
CHESS  pulses  or  an  inversion  pulse  (98). 

Lactate  Editing 

Lactate  editing  is  necessary  in  in  vivo  experiments  for  at 
least  two  reasons.  First,  the  peak  position  (1.33  ppm)  overlaps 
that  of  the  lipid  signals  (1.10-1.48  ppm)  and  second,  the  lactate 
signal  intensity  may  be  several  times  smaller  than  the  lipid 
signal . 

Several  spectroscopic  techniques  may  be  used  for  lactate 
editing  including  homonuclear  double-resonance  difference  (99, 
100) ,  double  quantum  coherence  transfer  (101-105) ,  and  zero 
quantum  coherence  (106-109).  A  zero  quantum  technique  for  lactate 
editing  has  been  described  using  stimulated  echo  localization 
(106) .  This  sequence  is  the  only  technique  available  to  us  to  use 
on  the  whole-body  imager  at  this  time. 

Lactate  methyl  protons  are  J-coupled  to  the  adjacent 
methylene  protons,  resulting  in  phase  modulation  that  is  a 
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function  of  the  TE  and  the  mixing  time  (TM) .  The  lipid  protons 
that  resonate  at  a  similar  frequency  show  only  mild  J-coupling  and 
do  not  exhibit  significant  phase  modulation  (110).  By  acquiring 
two  spectra  with  a  different  TM  and  subtracting,  the  lipid  signal 
can  be  removed,  leaving  only  the  lactate  signal.  The  lactate  peak 
phase  modulation  alternates  minima  and  maxima  at  TE  =  1/2J  where  J 
is  the  coupling  constant  for  lactate  and  equals  7.35  Hz.  At  1/J  = 
136  ms,  the  lactate  peak  modulates  with  the  TM  with  a  period  of  1/ 
Af  where  f  is  the  chemical  shift  between  the  methyl  and  methylene 
peaks  of  lactate.  At  1.5  T,  f  is  equal  to  178.5  Hz.  Best  results 
are  obtained  by  keeping  the  TE  constant  at  136  ms  and  varying  the 
TM. 

The  homonuclear  double-resonance  difference  technique 
requires  two  transmitters  and  subtraction  of  spectra.  This  works 
well  with  in  vitro  and  ex  vivo  work  in  spectrometers  but  most 
whole-body  imagers  do  not  have  two  transmitters.   Most  of  the 
double  quantum  coherence  transfer  techniques  result  in  a  50%  loss 
of  the  lactate  signal  and  require  phase  cycling  to  help  reduce  the 
water  signal.  Double  quantum  coherence  transfer  techniques  have 
been  reported  that  require  no  phase  cycling  and  might  be  more 
desirable  for  in  vivo  experiments  but  have  not  yet  been 
implemented  on  whole  body  imagers  (111,  112) . 

An  alternative  to  zero  and  double  quantum  editing  techniques 
is  to  take  advantage  of  the  short  Tl  of  lipids  compared  to  lactate 
by  the  use  of  a  130°  inversion  pulse  to  null  the  lipid  signal.  As  a 
result  of  using  this  technique,  20%-30%  of  the  lactate  signal  is 
lost.  The  inversion  pulse  has  been  used  with  a  binomial  spin  echo 
sequence  to  obtain  both  water  and  lipid  suppression  (113).  This 
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inversion  pulse  has  been  combined  with  two  CHESS  pulses  for  both 
water  and  lipid  suppression  (114)  and  is  available  now  on  our 
whole  body  spectrometer. 

The  differences  in  T2  between  lipids  and  lactate  were  used  in 
a  mouse  model  to  eliminate  most  of  the  lipid  signal  (58) .  This  is 
effective  when  only  a  small  amount  of  lipid  is  present  and 
required  a  TE  of  at  least  270  ms . 

Quantitation  of  molar  Concentrations  of  Metabolites  In  Vivo 

Tofts  and  Wray  have  published  a  comprehensive  review  of 
quantitation  methods  (115) .  They  include  a  discussion  of  the 
assumptions  and  problems  of  each  technique.  Buchli  and  Boesiger 
have  published  recently  an  evaluation  of  the  accuracy  and 
reproducibility  of  several  techniques  for  quantitation  of  P-31 
spectra  ( 116) . 

Twelve  factors  to  be  considered  in  quantitating  in  vivo  MR 
spectroscopy  follow: 

1)  The  minimum  detection  limits  for  metabolites  are  about  0.5  mM 
for  P-31  and  0.1  mM  for  H-l. 

2)  "NMR  invisibility"  sometimes  occurs  when  a  metabolite  is  not 
mobile  enough  (i.e.,  rapidly  rotating  or  translating)  to  give  a 
narrow  peak.  Much  of  the  choline  and  phosphomonoester ,  for 
example,  is  bound  in  cell  membranes  as  phospholipids  and  is  not 
visible  in  normal  tissue. 

3)  Normal  tissues  and  to  a  greater  degree,  tumors,  are 
heterogeneous.  The  heterogeneity  may  be  macroscopic  (fat  vs. 
muscle  or  tumor  vs.  necrosis)  or  microscopic  (different  tumor 
subtypes  or  intracellular  vs.  extracellular  metabolites). 
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4)  The  transmitter  (Bt)  homogeneity  and  receiver  sensitivity  must 
be  considered.  Surface  coils  have  quite  an  inhomogeneous  B:  field. 
Volume  coils  are  better  in  terms  of  B2  homogeneity. 

5)  Coil  loading  must  be  considered  where  using  external  standards 
for  reference. 

6)  Peak  ratios  avoid  some  transmitter,  receiver  and  coil  problems. 
The  problem  with  peak  ratios  is  that  changes  in  individual 
metabolites  are  not  determined;  changes  may  occur  in   both  the 
numerator  and  the  denominator.  This  is  less  of  a  problem  in  normal 
tissues  where  certain  metabolites  have  relatively  constant 
concentration  (such  as  adenosine  triphosphate  (ATP)  in  muscle  or 
water  in  brain  and  muscle),  unlike  the  situation  found  in  tumors. 

7)  Tissue  extracts  have  been  used  to  help  quantitate  MRS  data, 
however,  the  concentrations  depend  on  what  technique  is  used  and 
how  efficient  the  technique  is  in  extracting  all  of  the 
metabolite . 

8)  External  standards  may  be  used  for  quantitation.  These  should 
experience  the  same  B,  field  and  receiver  sensitivity  as  the  tissue 
or  corrections  should  be  made  for  differences.  When  the  external 
standard  is  used  during  a  separate  experiment  from  the  tissue, 
coil  loading  must  be  considered. 

9)  Internal  standards  may  be  used  as  alluded  to  under  (6)  above. 
Both  ATP  and  internal  water  are  frequently  used.  In  tumors  or 
metabolic  diseases,  they  may  not  be  as  constant  as  in  normal 
tissue,  adding  possible  error  and  variability  to  results. 
Exogenous  standards  given  internally  have  been  used  primarily  in 
animals.  Their  invasive  and  possible  toxic  effects  are  drawbacks 
in  humans . 
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10)  Concentration  measurements  require  some  sort  of  volume 
determination  unless  the  volume  of  the  tissue  and  the  standard  are 
the  same. 

11)  Relaxation  effects  need  to  be  considered  when  TR  <  -5  Tl  for 
the  metabolites  of  interest  or  the  standard.  Also,  if  there  is  a 
delay  of  acquisition  as  occurs  with  spin  echoes  and  stimulated 
echoes,  T2  decay  must  be  considered  unless  the  TE  <<  T2  for  the 
metabolites  and  standard.  Variation  of  the  water  Tl  and  T2  times 
has  been  found  in  implanted  mammary  adenocarcinoma  in  mice  as  a 
function  of  the  age  of  tumor  (117) . 

12)  Various  methods  have  been  used  to  measure  the  signal  magnitude 
in  NMR  spectra.  These  include  manual  measurements  of  peak  height, 
triangulated  peak  areas,  and  cutting  out  and  weighing  the  paper 
that  the  spectrum  is  drawn  on.  Automated  methods  include 
integrating  the  spectrum  between  two  points,  fitting  Lorentzian  or 
Gaussian  shaped  curves  to  the  frequency-domain  data,  or  fitting 
damped  sinusoids  to  the  time-domain  data  (113,  119) .  The  manual 
methods  are  time  consuming,  and  peak  height  and  triangulaticn  are 
not  very  accurate  unless  the  peak  line  width  and  shape  remain  the 
same.  Integration  works  well  on  well  separated  but  not  overlapping 
peaks.  Some  authors  claim  that  fitting  of  the  time  domain  data  is 
more  reproducible  than  fitting  of  the  frequency  domain  data. 
Problems  with  time  domain  fitting  include  the  need  for  very  good 
SNR  and  the  more  computer  intensive  processing  than  is  required 
for  fitting  frequency  data. 

The  significant  factors  to  consider  in  measuring  metabolite 
concentrations  from  in  vivo  experiments  using  MRS  have  been 
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expressed  in  an  equation  by  Bottomley  and  Hardy  (120)  .  The 
equation  is  as  follows: 


S  V  \\!  F    {Tl   ,a  )E   (T2  ,TJ 

[M]  =  [s]     m    s   s    3  '      d 


S  V  i|r  F   (Tl  ,a  )  E  (T2  ,  T.) 


Where: 

[M]  is  the  metabolite  concentration 
[s]  is  the  standard  concentration 

subscripts  m  and  s  denote  metabolite  and  standard,  respectively 
S  is  the  NMR  signal 
V  is  the  sample  volume 
Ur  is  the  detection  coil  sensitivity 

F  is  a  function  accounting  for  Tl  saturation  effects 
a  is  the  flip  angle 

E  is  a  function  accounting  for  T2  decay  occurring  during  the  delay 
time  Td 

Two  specific  methods  proposed  for  quantitation  of  in  vivo  MR 
spectra  include  the  following:  Michaelis  et  al .  suggest  the  use  of 
control  spectra  obtained  from  standard  solutions  in  separate 
experiments  but  under  identical  experimental  conditions  including 
identical  coil  loading  (121).  This  paper  and  two  other  abstracts 
report  the  use  of  the  water  signal  present  in  the  brain  as  a 
control  or  calibration  standard  for  the  quantitation  of  proton 
spectra  (122,  123) .  This  method  was  originally  proposed  by 
Thulborn  and  Ackerman  (124) .  The  water  concentration  in  the  brain 
is  relatively  constant  (=75-85%)  (122) . 
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Recently  a  combination  technique  using  both  an  internal 
standard  and  an  external  standard  was  proposed  for  proton 
spectroscopy  (125).  Alger  et  al .  use  tissue  water  as  an  internal 
standard  and  a  reference  tube  of  distilled  water  as  an  external 
standard.  The  metabolite  signals  are  referenced  to  the  internal 
water  signal  in  the  same  volume  of  tissue.  This  in  turn  is 
referenced  to  the  ratio  of  water  signal  intensities  of  the  same 
tissue  volume  and  the  reference  standard  obtained  from  a  short  TE 
MRI  image.  The  concentration  of  pure  water  in  the  reference 
standard  is  known,  and  with  estimates  of  the  relaxation  factors  of 
the  metabolites,  tissue  water  and  external  reference  standard,  the 
metabolite  concentration  can  be  calculated.  The  metabolite 
concentration  would  be  computed  by  the  following  equation: 


[M]  =  [W]*-*^*—  *C*C. 
W    N       N        3   4 


Where : 

[M]  is  the  metabolite  concentration 
M  is  the  metabolite  NMR  signal 
W  is  the  unsuppressed  tissue  water  signal 

Nu  is  the  number  of  acquisitions  used  to  obtain  the  unsuppressed 
water  signal 

N-  is  the  number  of  acquisitions  used  to  obtain  the  water 
suppressed  spectra 

Np  is  the  number  of  equivalent  protons  producing  the  metabolite's 
signal 
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[WJ  is  the  tissue  water  concentration  derived  from  the  equation 
below: 


W 
[Wv]=55M*  —  *C1*C2*Cs 

fr 

r 


Where : 

55  M  is  the  concentration  of  pure  water  in  the  standard 

W,,  is  the  signal  intensity  of  water  in  the  region  of  interest  from 

the  MRI 

Wr  is  the  signal  intensity  of  the  pure  water  reference  from  the  MRI 

C^  are  the  correction  factors  for  Tl  and  T2  relaxation 

C5   is  a  correction  factor  for  sensitivity  differences  in  the 

receiver  coil  for  the  standard  and  volume  of  interest. 

This  method  is  quite  attractive  for  use  in  in  vivo 
experiments  with  humans.  Images  are  obtained  to  measure  volume 
changes  in  the  tumors  or  tissue  of  interest  and  to  provide  a 
localization  guide  for  gradient  localization  techniques.  Little 
additional  time  would  be  required  in  using  this  quantitation 
technique . 


CHAPTER  3 
P-31  SPECTROSCOPY  OF  HUMAN  OSTEOSARCOMA  IN  A  MOUSE  MODEL 

AND  IN  HUMANS 


Extensive  literature  exists  describing  abnormal  P-31  spectra 
of  animal  and  human  tumors.  There  are  fewer  reports  of  alteration 
of  the  P-31  spectra  following  therapy.  For  a  concise  review  see 
Negendank  (126)  . 

Review  of  the  Literature 

General  Problem 

Osteosarcoma  is  a  relatively  rare  malignancy  of  bone 
occurring  predominantly  in  teenagers  and  young  adults  with  an 
annual  incidence  in  the  United  States  of  approximately  2100  new 
cases  (127,  128) .  Bone  tumors  account  for  about  5*  of  all 
childhood  malignancies.   Osteosarcomas  comprise  about  60*  of 
malignant  childhood  bone  tumors  (129) .  The  tumor  consists  of 
malignant  osteoid-forming  cells,  i.e.,  those  cells  that  form  the 
organic  matrix  in  which  bone  ossification  occurs  (130)  .  These 
tumors  occur  primarily  in  the  metaphyseal  or  growth  regions  of 
long  bones,  especially  near  the  knee  in  the  distal  femur  and 
proximal  tibia.  They  have  a  propensity  with  time  to  extend  beyond 
the  bone  into  the  adjacent  soft  tissues  and  joints. 

Less  common  forms  of  osteosarcoma  occur  in  older  adults 

(usually  >  50  yrs .  old)  associated  with  either  a  benign  disease 
called  Paget's  disease  or  with  previous  radiation  therapy  (130). 
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Earlier  in  this  century,  there  were  two  groups  of  patients,  that 
we  no  longer  see,  that  developed  osteosarcomas.  Patients  with 
tuberculosis  of  the  spine  were  once  treated  with  irradiation;  and 
watch-dial  painters  often  placed  their  brushes  containing  radium- 
226  doped  paint  in  their  mouths.  Both  groups  had  an  increased 
incidence  of  osteosarcoma  (131) .  These  less  common  forms  have  a 
poorer  prognosis  than  the  primary  osteosarcoma  in  children. 
Osteosarcomas  in  children  have  not  been  directly  associated  with 
any  external  or  environmental  factors,  but  are  usually  associated 
with  the  rapid  growth  that  occurs  in  this  age  group  (129) .  In  some 
cases,  osteosarcomas  are  associated  with  potentially  inherited  and 
acquired  genetic  defects  (132-135)  . 
History  of  Treatment 

Before  1972,  the  5-year  survival  rate  of  osteosarcoma  was 
20%,  amputation  being  the  primary  treatment  method  (136) .  Post- 
operative adjuvant  therapy  was  introduced  by  Jaffe  in  1972, 
reporting  a  30%  to  40%  response  rate  (137) .  In  1977,  Jaffe 
introduced  the  idea  of  pre-operative  or  neoadjuvant  chemotherapy 
with  a  primary  response  rate  of  60%  (138) .  The  5-year  survival 
rate  for  osteosarcoma  in  humans  from  three  recent  randomized 
trials,  reviewed  by  Eiber  and  Rosen  in  1989,  was  70^  (range  66-  to 
77%)  (130)  .  These  three  clinical  studies  used  combination 
chemotherapy  including  doxorubicin,  methotrexate,  and  cisplatin. 
The  30%  mortality  rate  in  this  review  article  is  from  drug- 
resistant  tumors. 

Surgical  management  of  osteosarcoma  following  chemotherapy 
currently  includes  amputation,  disarticulation,  and  limb  salvage 
procedures.  Limb  salvage  procedures  involve  the  replacement  of  the 
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effected  segment  of  bone  with  normal  donor  bone.  This  preserves 
normal  function  of  the  patient's  limb,  unlike  amputation  and 
disarticulation.  This  may  be  possible  if  tumor  involvement  of  the 
soft  tissues  and  bone  marrow  is  not  extensive  and  if  the  adjacent 
joint  is  not  traversed. 
Monitoring  of  Therapy  Response  with  Imaging  Techniques 

Response  to  chemotherapy  is  followed  with  MRI  and  CT; 
however,  these  modalities  depend  primarily  on  evaluating  gross 
anatomical  features  such  as  change  in  tumor  size.  Detection  of  a 
significant  response  to  chemotherapy  with  conventional  clinical 
and  imaging  techniques  requires  a  4-6  week  period.  This  results  in 
a  delay  of  either  definitive  surgery  or  change  in  the  chemotherapy 
regimen  if  the  desired  response  fails  to  occur. 

A  significant  diagnostic  problem  is  distinguishing  soft 
tissue  extension  of  tumor  from  surrounding  edema  and  inflammation. 
Edema  was  present  in  six  out  of  21  osteosarcomas  reported  in  a 
recent  paper  (139)  .  Neither  CT  nor  MRI  (with  or  wirhout 
enhancement)  can  accurately  detect  the  difference  between  tumor 
and  edema  in  osteosarcoma  (139),  chondrosarcoma  (140),  and  soft- 
tissue  tumors  (141)  and  inflammation  in  soft-tissue  turners  ;142). 

A  90%  necrosis  of  the  tumor  on  histopathological  examination 
has  a  better  prognostic  value  for  patient  survival  than  tumor 
size,  site,  and  classification  (143).  The  survival  rate  was  91- 
for  patients  with  greater  than  90%  necrosis,  compared  to  14% 
survival  for  patients  with  less  than  90%  necrosis.  Unfortunately, 
current  imaging  techniques  including  standard  MRI  fail  to 
accurately  determine  the  amount  of  necrosis  in  osteosarcomas  and 
other  malignant  musculoskeletal  tumors  (142,  144-146).  Two  recent 
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papers  report  the  use  of  dynamic  Gd-DTPA  enhanced  MRI  to  predict 
the  amount  of  necrosis  following  chemotherapy.  The  first  paper  was 
able  to  distinguish  >90%  necrosis  from  <90%  necrosis  (144).  The 
second  paper  mapped  six  osteosarcomas  into  11  to  56  regions  each 
(147) .  The  fraction  of  regions  with  rapid  signal  intensity  change 
with  time  predicts  the  histopathological  grade  of  the  tumor,  i.e., 
<50%  necrosis,  50%-90%  necrosis,  >90%  necrosis,  and  100%  necrosis. 
Individual  regions  were  occasionally  false  positive  for  tumor  when 
vascular  fibrosis  was  present.  Two  recent  abstracts  discriminate 
chemotherapy  responders  from  nonresponders  based  on  the  rate  on 
contrast  enhancement  after  a  bolus  injection  of  gadopentetate 
dimeglumine  (148,  149). 
P-31  Magnetic  Resonance  Spectroscopy 

P-31  spectra  of  tumors  and  malignant  cells  consist  mainly  of 
peaks  for  phosphomonoester  (PME),  inorganic  phosphate  (Pi), 
phosphodiester  (PDE)  ,  phosphocreatine  (PCr) ,  nucleoside 
triphosphate  (Primarily  ATP)  and  diphosphodiester  (DPDE) .  The  PME 
peak  contains  various  sugar  phosphates,  phosphoryl  ethanoiamine 
(PE) ,  and  phosphoryl  choline  (PC).  The  latter  two  are  precursors 
of  phospholipids  and  are  produced  by  choline  and  ethanoiamine 
kinases  (150).  Phospholipids  are  important  constituents  of  ceil 
membranes  and  organelles  involved  in  the  synthesis  of  proteins  and 
generation  of  energy  (151) .  The  PDE  peak  consists  primarily  of 
glycerolphosphoryl  choline  (GPC)  and  glycerolphosphoryl 
ethanoiamine  (GPE) ,  which  are  membrane  breakdown  products  (150). 

Thus,  the  P-31  spectrum  gives  information  on  phospholipid 
synthesis  (PC  and  PE)  and  degradation  (GPC  &  GPE) ,  cell  energetics 
(PCr,  ATP,  &  Pi),  pH  (Pi  and  PCr  positions)  (152)  and 
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glycoprotein/glycolipid  synthesis  (DPDE) .  Actively  growing  cells 
(as  in  malignant  tumors)  have  high  rates  of  energy  consumption  and 
protein/membrane  synthesis  and  breakdown,  contributing  to  P-31 
spectral  abnormalities. 

P-31  spectra  of  bone  tumors,  including  osteosarcoma  in 
humans,  show  increased  PME,  PDE,  and  Pi,  and  a  decrease  in  PCr 
(153-160)  relative  to  normal  skeletal  muscle.  The  concentration  of 
ATP  may  increase,  decrease,  or  remain  unchanged,  depending  on  the 
study.  The  pH  of  the  tumors  is  also  variable,  depending  on  the 
type  and  the  stage  of  the  tumor.  An  elevated  pH  is  seen  in  two 
studies  (154,  155),  a  normal  pH  is  seen  in  four  studies  (153,  156, 
159,  161) ,  both  slightly  elevated  and  normal  values  in  one  study 
(160)  . 
Treatment  Response 

P-31  MR  spectral  changes  may  be  seen  in  human  osteosarcoma 
patients  on  the  second  day  after  beginning  chemotherapy  (153/ .  A 
decrease  in  PME  in  human  osteosarcomas  as  a  response  to 
chemotherapy  is  reported  (160,  162,  163) .  An  increase  in  the 
PCr/Pi  ratio  is  reported,  following  treatment,  in  human 
osteosarcoma  (154,  160),  soft  tissue  sarcomas  (163),  and  in  murine 
osteosarcoma  (164),  mammary  adenocarcinoma  (165),  RIF-1  tumors 
(166),  and  9L  gliosarcoma  (167). 

Subtle  changes  may  be  present  in  osteosarcomas  and  other 
tumors  within  one  hour  of  the  start  of  chemotherapy  (154,  168)  . 
The  prognostic  value  of  these  changes  is  uncertain.  Following 
chemotherapy  in  humans,  long  term  decrease  in  PDE  is  associated 
with  >90%  necrosis  (155).  An  increase  in  the  PCr/Pi  ratio  is 
correlated  with  a  decreased  transverse  tumor  diameter  by  Semmler 
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et  al.  (154).  Ross  et  al .  (153)  observe  a  decrease  in  PME  and  ATP 
relative  to  PCr.  Pi  showed  biphasic  behavior  with  respect  to  time 
in  his  study,  initially  decreasing,  then  increasing.  Wehrle  et  al. 
(166)  observe  biphasic  behavior  of  Pi  with  respect  to  the 
chemotherapy  dose  in  RIF-1  tumors  implanted  in  mice.  A  decrease  in 
Pi  relative  to  a-NTP  (nucleoside  triphosphate)  is  seen  at  moderate 
doses  of  cyclophosphamide  (150  mg/kg  i.p.,  LD10  or  less).  At  high 
doses  (200  mg/kg,  approximately  LD^0  dose),  they  observe  an 
increase  in  Pi  relative  to  a-NTP.  Wehrle  also  observes  a  decrease 
in  PME  and  an  alkaline  shift  in  pH.  Koutcher  showed  a  significant 
increase  in  PDE/PME  in  malignant  fibrous  histiocytomas  that 
responded  to  chemotherapy  compared  to  a  slight  decrease  or  no 
change  with  nonresponders  (163).  The  responders  also  had  a 
significantly  lower  PDE/PME  before  chemotherapy  compared  to 
nonresponders.  Redmond  et  al .  showed  a  significant  decrease  in  PME 
in  human  osteosarcomas  (160) .  A  recent  abstract  found  that  the 
PCr/Pi  and  PCr/ATP  ratios  discriminate  between  chemotherapy 
responders  and  nonresponders  (169). 
pH  Changes 

Alkaline  shifts  in  tumor  pH  following  treatment  have  been 
seen  for  a  variety  of  tumors  including  non-Hodgkin ' s  lymphoma 
(170).  The  pH  in  three  osteosarcomas  following  chemotherapy  failed 
to  change  significantly  (160). 
Advantages  of  P-31  MRS 

1)  The  high  energy  phosphates  so  important  to  tumor 
metabolism,  i.e.,  PCr  and  ATP,  are  readily  seen  at  1.5  T.  ATP  is 
important  as  the  immediate  source  of  energy  for  most  metabolic 
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processes.  Decreased  levels  are  found  in  tumors  with  reversal 
following  effective  treatment.  ATP  is  identified  and  quantified  by 
H-l  MRS  in  human  skeletal  muscle  at  4.1  T  (171)  but  not  at  1.5  T. 
Total  creatine  can  be  resolved  with  H-l  MRS,  however  PCr  and  Cr 
cannot  be  separated  at  1.5  T. 

(2)  The  different  phosphoesters ,  PME  and  PDE  are  easily- 
resolved  with  P-31  MRS.  Although  the  PME  and  PDE  peaks  show 
similar  changes  in  implanted  osteosarcoma  in  mice  (158),  with 
decoupling  techniques  the  various  components  of  the  PME  peak  (PE 
and  PC)  can  be  resolved  and  appear  to  have  individual  significance 
(172) .  The  elevated  PME  in  most  malignant  tumors  is  related  to 
increase  in  PC;  however,  elevated  PE  and  decreased  PC  have  been 
reported  in  human  colon  cancer  (173) .  The  PE/PC  ratio  may  be  a 
more  sensitive  indicator  of  malignancy  and  of  tumor  response  to 
therapy  than  PME  alone  (172) . 

(3)  The  P-31  spectrum  has  no  solvent  signal  to  interfere  with 
resolution  of  metabolite  peaks,  unlike  the  water  signal  seen  with 
in  vivo  H-l  MRS. 

Treated  and  Untreated  Mice 

Our  goal  is  to  develop  better  techniques  to  monitor  the 
chemotherapy  response  of  tumors.  In  the  present  study,  we  used 
phosphorus  NMR  spectroscopy  to  compare  the  changes  in 
phosphomonoester (PME)  signal  and  the  phosphocreatine/inorganic 
phosphate  (PCr/Pi)  ratio  from  implanted  human  osteosarcoma  in  the 
nude  mouse  with  and  without  chemotherapy  (treated  and  untreated) . 
We  evaluated  the  accuracy  of  the  change  in  PME  and  PCr/Pi  in 
detecting  the  untreated  mouse.  This  is  a  logical  precursor  to 
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studying  resistant  and  sensitive  tumors  in  mice.  In  the  latter 
case  we  would  wish  to  predict  which  tumors  are  resistant. 

The  study  protocol,  data  acquisition  and  preliminary  analysis 
was  performed  by  Haejin  Kang,  Ph.D.  as  part  of  his  graduate  work. 
The  study  is  included  in  this  dissertation  because  extensive  work 
has  been  done  with  the  raw  data  beyond  that  presented  previously. 
Specifically,  the  following  work  was  done  by  or  under  my 
direction:  a)  spectra  were  refit,  b)  statistical  analysis  was 
performed  on  the  PME  changes  with  treatment,  c)  the  possible 
explanation  of  volume  changes  accounting  solely  for  the  PME 
changes  was  addressed,  and  d)  changes  in  PCr/Pi  were  investigated 
in  terms  of  predicting  treatment  response  independent  of  volume 
change.  In  addition,  experiments  were  performed  by  myself  to  check 
the  reproducibility  of  metabolite  measurements  using  repeated 
spectral  acquisitions  on  three  mice. 
Materials  and  Methods 
Animal  preparation 

The  nude,  athymic  mouse  is  a  well  characterized  and  accepted 
model  for  the  study  of  the  properties  of  human  tumor  cells  (155, 
174-176) .  Human  tumors  studied  in  nude  mice  include  small  cell 
carcinoma  of  the  lung  (155,  164,  174),  mammary  carcinoma  (164), 
ovarian  carcinoma  (164),  neuroblastoma  (177)  and  prostate 
carcinoma  (178) .  Human  osteosarcoma  in  mice  has  not  been  studied 
with  MRS  to  my  knowledge;  however,  the  murine  Dunn  osteosarcoma 
has  been  (164)  .  Our  experience  has  shown  that  human  osteosarcomas, 
unlike  some  other  human  tumors,  grow  relatively  well  in  nude  mice. 
Our  spontaneous  regression  rate  of  implanted  osteosarcomas  in  nude 
mice  is  1.5%  (n=180)  with  none  occurring  in  study  mice.  The  mice 
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that  showed  regression  were  from  earlier  preliminary  studies. 
These  mice  were  approximately  14  weeks  old  at  time  of  implantation 
and  were  not  irradiated.  Nude  mice  older  than  12  weeks  have  been 
shown  to  gradually  develop  T-cell  activity  that  is  apparently  the 
cause  for  the  observed  tumor  regression  (179,  180) .  This  tumor 
cell  line  makes  bone  in  the  mouse,  repeating  its  human  origin.  We 
have  also  shown  that  the  cell  line  responds  to  the  same 
chemotherapeutic  agents  as  do  native  osteosarcomas  in  humans .  The 
kinetics  of  chemotherapeutic  agents  in  nude  mice  has  been  studied 
and  compared  to  the  kinetics  in  humans  (177,  181-184). 

Twenty-two  female  Balb-c  mice,  weighing  between  25-30  grams, 
were  quarantined  and  acclimated  to  environmental  conditions  of 
27°C±2°  and  40-50-  humidity  for  5-7  days  before  implantation.  The 
mice  were  fed  and  watered  ad  libitum. 

At  10  weeks  of  age,  the  mice  were  irradiated  in  a  Cs1"  gamma 
irradiator  (Gammacell  40,  Atomic  Energy  of  Canada  Limited,  Ottawa, 
Canada)  at  a  dose  of  approximately  500  Rads  to  suppress  any  early 
T  cell  activity  (185,  186)  .  The  next  day,  a  suspension  of  6  :•:  107 
trypsinized  cells  from  a  standard  tissue  culture  (187)  of  the 
human  osteosarcoma  cell  line  791T  (Zoma  Corp.,  Berkeley,  CA)  was 
implanted  subcutaneously  over  the  gluteus  maximus  of  the 
anesthetized  mice.  The  mice  were  anesthetized  for  both 
implantation  and  spectroscopy.  An  intraperitoneal  (i.p.)  injection 
of  0.04-0.05  ml  of  Innovar-Vet  (fentanyl  citrate  0.4  mg/ml  and 
droperidol  20  mg/ml,  Pittman  Moore,  Washington  Crossing,  NJ)  , 
diluted  to  10%  v/v  with  normal  saline,  was  used  for  anesthesia. 
This  dose  provides  adequate  anesthesia  for  one  to  two  hours.  The 
mice  were  irradiated  and  implanted  with  tumor  cell  suspension  by 
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Carol  Sweeney,  laboratory  technician.  The  tissue  culture  work  that 
she  did  was  under  the  direction  of  Byron  Croker,  M.D.,  Director  of 
Pathology  at  the  VA  Medical  Center,  Gainesville,  FL. 

Cisplatin  (7  mg/kg,  Bristol  Laboratories,  Evansville,  IN), 
dissolved  in  0.9%  sodium  chloride,  was  administered  in  11  mice  via 
a  tail  vein  on  day  nine  post  implantation.  This  dose  of  cisplatin 
is  a  dose  that  is  pharmacokinetically  equivalent  to  the  clinical 
dose  in  humans  (Rational  Dose)  (177,  184).  The  tumors  were 
followed  with  MRS  for  at  least  three  weeks  post  implantation. 
Spectroscopy 

Spectroscopy  was  performed  on  a  Spectroscopy  Imaging  Systems 
Corporation  Model  VIS  85/310  imaging  spectrometer  with  a  310  mm 
diameter  horizontal  bore  Oxford  Instruments  magnet  operating  at  2 
T  (34.61  MHz  for  P-31).  Haejin  Kang  Ph.D.,  built  the  RF  coil,  and 
acquired  the  data.  The  spectrometer  was  operated  from  and  the 
spectra  analyzed  on  a  Sun  3/110  work  station  (Sun  Microsystems, 
Inc.,  Mountain  View,  CA) .  A  home-made,  3-turn  solenoid  coil  with 
an  internal  diameter  of  13  mm  and  a  depth  of  6  mm  (volume  of  the 
coil:  0.80  cc) ,    double-tuned  to  H-l  and  P-31  (54),  was  positioned 
over  the  tumor  as  shown  in  Fig.  3-1.  A  fenestrated  Faraday  shield 
was  positioned  around  the  base  of  the  tumor  for  further 
localization  by  excluding  signal  from  adjacent  muscle  (not  shewn) 
(55) .  On  histological  evaluation,  the  skin  of  the  nude  mouse  is 
quite  thin  and  frequently  has  no  muscle  associated  with  it.  It 
probably  contributes  little  to  the  NMR  signal.  This  is  unlike  the 
rat  where  significant  subcutaneous  muscle  is  present.  There  is 
probably  a  significant  contribution  to  the  signal  from  muscle 
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Figure  3-1 


RF  coil  positioned  over  mo 


use  tuner. 


underlying  the  tumor  that  is  not  smeiaea  by  the  Faradav  shield. 
This  is  discussed  later  under  the  Results  and  Discussion  section. 
The  magnet  was  snimmed  on  the  water  peax  on  each  mouse  to  a 
line  width  of  between  0.2  and  0.4  ppm.  P-31  spectroscopy  was 
performed  with  a  non-selective  3-lobed,  12  usee,  90°,  sine-shaped 
RF  pulse  followed  30  usee  later  by  acquisition  of  the  FID  signal. 
The  90°  RF  pulse  power  was  set  by  maximizing  the  signal  from  the 
tumor.  The  acquisition  parameters  were:  2000  acquisition  points, 
TR=1.5  sec,  spectral  width=2000  Hz,  1024  averages,  and  a  26  mm 
acquisition  time.  The  total  exam  time  was  about  50  mm. 
Spectroscopy  was  performed  one  day  before  implantation,  then  twice 
a  week  starting  when  the  tumors  were  0.23  cc   ±0.07  in  volume  (nine 
days  post  implantation) . 
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The  volume  of  the  tumors  was  initially  calculated  with  the 
formula  for  an  ellipsoidal  volume  (n/6)*L*W*D  from  measurements 
made  with  calipers  where  L,  W,  and  D  are  the  length,  width,  and 
depth  of  the  tumor  respectively  (156) .  Later,  the  tumor  volume  was 
calculated  as  the  average  of  the  formulas  for  an  ellipsoid  and  a 
prolate  spheroid  (formed  by  rotation  of  an  ellipse  about  its  major 
axis,  L):  (n/6) *L*W*D  and  (n/6) *L*W2 .  We  have  found  that  this 
method  of  volume  calculation  is  the  best  estimate  of  tumor  volume. 
The  average  of  these  two  formulas  had  a  better  correlation 
coefficient  with  the  volume  of  water  displaced  by  excised  tumors 
of  different  sizes  (compared  to  the  two  formulas  separately,  as 
shown  in  the  Results  and  Discussion  section) .  Imaging  of  the  tumor 
to  determine  size  was  tried  but  failed  to  give  adequate  signal-to- 
noise  (S/N)  to  distinguish  the  tumor,  muscle  interface  in  a  15  min 
period.  The  filling  factor  for  the  coil  during  the  acquisitions 
immediately  before  and  after  chemotherapy  ranged  from  0.25  to 
0.625.  Reproducibility  of  spectra  and  metabolite  signals  was 
checked  by  J.R.  3allinger  by  obtaining  6-7  sequential  spectra  each 
in  three  additional  mice  with  tumors  (See  Results  and  Discussion) . 

After  10  Hz  line  broadening  of  the  FID  and  Fourier 
transformation  of  the  data,  the  spectra  were  fit  using  the  Fitspec 
software  provided  by  SISCO.  Zero  and  first  order  phase  correction 
were  applied  to  the  frequency  domain  data.  Fitting  of  spectra  was 
performed  initially  by  Carol  Sweeney  and  Haejin  Kang  and  later  by 
Carol  Sweeney  and  J.R.  Ballinger. 
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Analysis  of  data 

Data  were  statistically  analyzed  by  J.R.  Ballinger.  The  PME 
area  and  PCr/Pi  ratio  were  used  in  statistical  analysis.  The 
change  in  each  was  compared  to  the  volume  changes  of  the  tumors. 
An  unpaired,  two-tailed  Student's  t-test  was  used  to  test  the 
difference  between  the  treated  and  untreated  mice  in  the  PME 
change  from  the  day  after  chemotherapy  to  the  following  session 
(four  days  later) .  The  change  in  the  slope  of  the  PCr/Pi  curve 
from  pre-chemotherapy  to  the  first  study  post-chemotherapy  was 
tested  for  significance  in  both  the  treated  and  untreated  mice 
with  a  paired,  two-tailed  Student's  t-test.  A  receiver  operating 
characteristic  (ROC)  curve  was  used  as  an  indicator  of  the 
predictive  value  of  the  change  in  the  slope  of  PCr/Pi  in  detecting 
tumor  treatment. 
Results  and  Discussion 
Results 

Two  treated  mice  died  as  the  result  of  the  anesthesia  and  a 
third  was  sacrificed  because  of  an  eye  infection.  This  compares 
favorably  with  the  rat  mortality  rate  from  moderate  to  high  doses 
of  Innovar-Vet  (6%-18%)  even  though  the  dose  per  kg  in  mice  is 
higher  (188-190) .  Smaller  amounts  of  Innovar-Vet  were  inadequate 
in  sedating  the  mice. 

Using  six  to  seven  consecutive  spectra,  reproducibility  of 
the  spectra  and  metabolite  areas  was  checked  in  each  of  three  mice 
by  calculating  the  per  cent  standard  error: 

{StandarcDeviatiori) «  100% 
(MeanArea) 
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The  range  of  the  per  cent  standard  error  for  PME  was  7.8%  to 
14.1%,  for  Pi  9.0%  to  11.1%,  and  for  PCr  3.5%  to  9.9%.  The  range 
of  the  standard  error  for  the  PCr/Pi  ratio  was  8.6%  to  12.1%. 
Thus,  the  reproducibility  of  the  spectral  acquisition  and  peak 
fitting  appears  quite  reasonable. 

We  had  a  final  number  of  10  untreated  mice  and  9  treated 
mice.  Representative  spectra  from  an  untreated  tumor  at  five  days 
and  twelve  days  post  implantation  are  shown  in  Figure  3-2 .  Figure 
3-3  is  a  graph  of  the  time  course  of  the  average  tumor  volume  of 
the  treated  and  untreated  mice.  Comparison  of  the  three  techniques 
of  calculating  the  volume  of  the  tumors  was  made  by  using  a  paired 
t-test  to  test  the  significance  of  the  difference  between  the 
three  formulas  and  the  volume  measured  by  water  displacement:  of  3  6 
excised  tumors.  The  ellipsoidal  volume  formula  (n/6)*L*W*D 
underestimated  the  volume  by  an  average  of  0.32  cc    (31%  of  the 
actual  volume),  which  was  statistically  significant  (p<0.0001). 
The  prolate  spheroid  formula  (n/6) *L*W2 overestimated  tumor  volume 
by  an  average  of  0.21  cc  (20%),  which  was  statistically 
significant  (p=0.04).  The  mean  of  these  two  formulas 
underestimated  the  tumor  volume  by  0.06  cc    (5.6;0,  which  was  not 
statistically  significant  (p=0.39). 

A  graph  of  the  time  course  of  the  average  amount  of  PME  is 
shown  in  Figure  3-4  for  the  treated  and  the  untreated  mice.  PME 
levels  of  the  treated  mice  decrease  from  day  10  to  day  14  post 
implantation  (day  1  to  day  5  post  chemotherapy) . 


40 


I 


s\r\s~^ 


Figure  3-2 


Representative  spectra  from  an  untreated  tumor  at 
five  days  (Bottom)  and  twenty-three  day:;  (top) 
post  implantation.  The  PME  peak  is  labeled  with  a 
long  vertical  arrow,  the  PCr  peak  with  a  short 
horizontal  arrow.  Note  the  increase  in  size  of  the 
PME  peak  and  the  decrease  in  size  of  the  PCr  peak 
on  day  twenty- three . 
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Figure    3-3  Graph   of   the   mean  volume   of   treated   and   untreated 

tumors    as    a    function   of   time.    Arrow  marks    ~hemo   dav. 


PME  Area 


110 


^"Treated  — Untreated    _  Std.  Dev. 


8  12  16  20 

Day  After  Implantation 


24 


Figure  3-4 


Graph  of  the  mean  PME  of  the  treated  and  antreated 
tumors  as  a  function  of  time.  Arrow  marks  chemo  day. 
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The  changes  in  Figure  3-4  roughly  mirror  the  changes  in 
volume  of  the  tumors  seen  in  Figure  3-3.  PME  levels  of  untreated 
mice  increased  or  remained  unchanged  during  this  period. 

Figure  3-5  shows  a  graph  of  the  PCr/Pi  ratio  for  the  treated 
and  untreated  mice  over  time.  The  posttreatment  slope  of  the 
PCr/Pi  curve  for  the  treated  mice  shows  a  significant  change 
(increase)  from  the  pretreatment  slope  (p=0.0249)  with  a  95% 
confidence  interval  of  (+0.0669,  +0.755).  The  posttreatment  slope 
of  the  PCr/Pi  curve  for  the  untreated  mice  does  not  show  a 
significant  change  in  direction  from  the  pretreatment  slope 
(p=0.4448,  confidence  interval:  -0.253,  +0.530).  During  the  time 
that  the  PCr/Pi  slope  of  the  treated  tumors  changes,  the  slope  of 
the  volume  curves  does  not  change  (Figure  3-3) .  Note  that  the 
above  statistical  analysis  was  not  testing  directly  for 
differences  between  the  change  in  PCr/Pi  slopes  between  the 
treated  and  untreated  tumors.  Testing  the  differences  in  slope  for 
the  same  mouse  allows  use  of  a  paired  t-test.  The  paired  t-test, 
allows  use  of  a  smaller  number  of  subjects  than  an  unpaired  t- 
test.  The  posttreatment  slope  we  have  used  is  from  day  7  to  day  10 
postimplantation,  or  from  two  days  before  treatment  to  one  day 
post  treatment.  Ideally,  we  would  want  to  measure  the 
posttreatment  slope  from  the  day  of  treatment  onward.  This  is  not 
possible  for  technical  reasons  and  because  of  the  fragility  of  the 
mice.  An  alternative  is  to  project  the  pretreatment  slope  to  the 
day  of  treatment,  and  use  that  point  as  the  initial  point  for  the 
posttreatment  slope  calculation.  This  procedure  results  in  little 
change  in  the  results.  The  new  p  value  is  0.0303  with  an  area 


43 


PCr/Pi  Ratio 


^•Treated  — Untreated    i  Std.  Dev 


10  15  20 

Day  Post  Implantation 


25 


30 


Figure  3-5 


Graph  of  the  mean  PCr/Pi  ratio  for  the  treated  and 
untreated  tumors  as  a  function  of  time. 
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under  the  ROC  curve  equal  to  0.723±0.131  (see  below  for  original 
ROC  area)  . 

Sensitivity  in  this  study  is  the  number  of  detected  untreated 
mice  divided  by  the  actual  number  of  untreated  mice  for  a  given 
decision  threshold  for  PCr/Pi  slope  change.  The  specificity  is  the 
number  of  treated  mice  called  treated  divided  by  the  total  number 
of  treated  mice.  The  complementary  nature  of  sensitivity  and 
specificity  can  be  represented  with  a  ROC  curve  (191-194)  as  shown 
in  Fig.  3-6. 

The  sensitivity  (true  positive  fraction)  is  plotted  as  a 
function  of  1-specif icity  (false  positive  fraction)  for  detecting 
an  untreated  tumor  at  various  levels  of  PCr/Pi  slope  change  post 
treatment.  The  points  for  our  ROC  curve  were  obtained  from  Charles 
E.  Mett's  LABR0C1  program  that  fits  binomial  curves  to  the  PCr/Pi 
slope  data  for  the  treated  mice  and  from  the  untreated  mice  by  the 
maximum-likelihood  algorithm  (195,  196).  A  point  on  the  ROC  curve 
is  obtained  by  calculating  the  area  under  the  binomial  curves 
located  to  the  right  of  a  particular  threshold  or  PCr/Pi  value. 
The  calculated  areas  correspond  to  the  true  positive  fraction  and 
to  the  false  positive  fraction.  This  process  is  repeated  for 
several  thresholds  to  obtain  the  entire  curve.  A  straight  diagonal 
line  from  the  bottom  left  corner  to  the  top  right  corner  would 
indicate  no  predictive  value  of  the  test  (area=0.5).  The  larger 
the  area  under  the  curve,  up  to  one,  the  greater  the  predictive 
value  or  efficacy  of  the  test.  In  this  study  we  obtained  an  area 
of  0.64±0.12.  The  area  under  a  ROC  curve  is  independent  of  the 
position  of  the  decision  threshold,  unlike  accuracy,  and  may 
therefore  be  a  better  measure  of  test  performance  (192). 
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Figure  3-6   ROC  Curve  for  detecting  untreated  tumors  with  PCr/Pi 

ratio.  The  true  positive  rate  (sensitivity)  is  plotted 
as  a  function  of  the  false  positive  rate  (1- 
specificity) . 
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Discussion 

Our  data  show  a  difference  in  the  change  of  the  slope  of  the 
PME  curves  between  treated  and  untreated  osteosarcomas  implanted 
into  nude  mice;  however,  this  PME  change  occurs  simultaneously 
with  the  change  of  the  volume  of  the  tumors.  The  PME  changes  could 
be  related  to  differences  in  the  amount  of  skeletal  muscle  being 
volume-averaged  from  under  the  tumor  rather  than  actual 
concentration  changes  within  the  tumor.  We  are  currently  acquiring 
data  using  a  slice  selective  localization  technique  that  will 
eliminate  contamination  of  our  tumor  spectrum  by  underlying 
muscle . 

The  PCr/Pi  slope  changes  (A (PCr/Pi) /At)  that  we  see  are 
statistically  significant  and  occur  prior  to  changes  in  volume  of 
the  tumor.  There  is  overlap  of  the  data  from  these  two  groups  as 
shown  in  the  figures.  We  would  want  to  have  a  high  specificity  for 
detecting  an  untreated  tumor  (or  in  humans,  a  nonresponder  to 
chemotherapy)  to  avoid  discontinuing  a  treatment  that  is  working. 
Using  a  threshold  of  change  in  the  slope  of  PCr/Pi  equal  tc  -0.63, 
we  obtained  an  86";  specificity  and  a  29%  sensitivity.  Using  a 
decision  threshold  of  0.40,  we  can  obtain  a  60%  specificity  and  a 
60%  sensitivity.  These  results  will  undoubtedly  improve  with 
better  localization  as  we  will  have  less  of  a  dilutional  effect 
from  skeletal  muscle  contamination. 


47 
Sensitive  and  Resistant  Mice 

Materials  and  Methods 

The  objective  of  this  experiment  was  to  determine  if  changes 
in  PCr/Pi  and  PME  can  be  used  to  predict  lack  of  tumor  response  to 
chemotherapy  in  a  murine  model  of  a  chemotherapy-resistant  human 
osteosarcoma . 
Introduction 

In  a  previous  section,  the  use  of  phosphorus  NMR  spectroscopy 
(MRS)  to  compare  the  changes  in  phosphocreatine  to  inorganic 
phosphate  ratio  (PCr/Pi)  and  phosphomonoester  (PME)  signal  from 
implanted  human  osteosarcoma  in  the  nude  mouse,  with  and  without 
chemotherapy  was  described.  The  accuracy  of  using  post  treatment 
PCr/Pi  changes  to  detect  untreated  mice  was  evaluated,  and  a 
statistically  significant  difference  between  the  treated  and 
untreated  mice  was  found.  It  is  hypothesized  that  a  similar 
difference  in  the  change  in  PCr/Pi  between  treated  cisplatin- 
resistant  and  cisplatin-sensitive  human  osteosarcomas  implanted  in 
the  nude  mouse  will  be  found. 
Tumor  cell  line  characteristics  and  preparation 

The  791T  osteosarcoma  cell  line  (Zoma  Corp.,  3erkeley,  CA)  is 
a  high-grade,  non-metastatic  tumor  cell  in  humans.  The  doubling 
time  in  vitro  is  twelve  and  one  half  hours.  The  growth-rate  in 
nude  mice  depends  on  the  number  of  cells  implanted:  0.4  cc  tumors 
in  40-45  days  for  4  x  107  cells  and  6-3  days  for  8  x  10'  cells.  In 
the  nude  mouse,  the  tumors  can  grow  to  ca.  6  cc,  but  become  very 
necrotic  and  ulcerative  at  this  stage.  In  our  study,  the  mice  are 
sacrificed  before  the  tumors  reach  2  cc  in  size. 
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Carol  Sweeney,  Biological  Laboratory  Technician,  cloned  the 
791T-E10  (E10)  cell  line  from  791T  by  using  limiting  dilution 
cloning,  to  produce  a  uniform  cell  population.  Both  cell  lines 
grow  as  monolayers  in  Dulbecco ' s  modified  Eagle  medium  (DMEM) 
supplemented  with  10%  bovine  calf  serum,  15  mM  HEPES  buffer,  and  2 
mM  L-glutamine.  Drug  resistant  sublines  were  derived  from  E10 
cells  by  intermittent  treatment  of  the  cells  with  increasing 
concentrations  of  cisplatin  (E10-CIS  subline) .  Cisplatin  (cis- 
diamminedichloroplatinum)  was  obtained  as  Platinol  (Bristol-Myers 
U.S.  Pharmaceutical  and  Nutritional  Group,  Evansville,  IN).  Cells 
were  seeded  in  T25  flasks  at  a  concentration  of  1  x  104  to  3  x  10* 
cells/ml;  twenty-four  hours  later  they  were  treated  with 
concentrations  of  cisplatin  in  DMEM  ranging  from  10-22  ug/ml  for 
one  hour.  The  cells  were  rinsed  twice  with  DMEM  and  then  cultured 
in  fresh  DMEM  until  their  numbers  reached  that  of  the  untreated 
cells.  The  concentration  of  cisplatin  chosen  for  later  treatments 
depended  on  the  length  of  time  it  took  for  cells  to  recover  from 
the  previous  treatment. 

A  modified  version  of  the  chromium  (Cr-51)  release  assay, 
developed  by  Brunner  et  al .  (197),  was  used  by  Carol  Sweeney  and 
Jim  Scott,  Senior  Chemist,  to  measure  the  short  term  (<24  hours) 
cytotoxicity  of  cisplatin  (0  mg/ml  -  100  mg/ml)  to  E10  drug- 
sensitive  and  E10-CIS  drug-resistant  cell  lines. 

A  four-day  growth  assay  was  then  used  to  compare  the  level  of 
resistance  of  E10  (drug-sensitive)  to  E10-CIS  (drug-resistant) 
cells  beyond  24  hours.  1.8  x  105  cells  were  seeded  on  60  x  15  mm 
dishes;  twenty-four  hours  later,  the  cells  were  treated  with 
varying  concentrations  of  cisplatin  in  DMEM  (0-32  ug/ml) .  Each 


49 
concentration  in  each  cell  line  and  controls  was  run  in 
triplicate.  After  one  hour,  cells  were  washed  once  with  DMEM,  then 
fresh  DMEM  was  added  to  all  plates.  Four  days  later,  cells  were 
trypsinized  and  counted  using  a  Coulter  counter.  The  concentration 
of  the  drug  that  resulted  in  50%  cell  inhibition  after  four  days 
(IC50)  was  determined  from  a  dose  response  curve. 

E10  and  E10-CIS  were  frozen  in  multiple  vials  for  use  in 
mouse  studies  so  that  all  mice  would  receive  cells  of 
approximately  the  same  "age"  (passage  number)  and  level  of 
resistance.  For  further  information  on  the  cell  culture  technique 
see  the  paper  by  Blommaert  et  al.  (187)  . 
Animal  model 

Twenty-one  female  BALB/c-nu/nu  mice,  weighing  between  20-30 
grams,  were  used  for  this  study.  Mice  were  treated  similarly  to 
those  used  in  the  treated  and  untreated  study. 

When  the  mice  were  7-10  weeks  old,  and  one  day  after 
irradiation,  a  suspension  of  6  x  107  E10  or  E10-CIS  cells  in  DMEM 
was  injected  subcutaneously  over  the  gluteus  maximus  by  Carol 
Sweeney.  The  mice  were  anesthetized  with  an  i.p.  injection  of 
Innovar  (fentanyl  citrate  0.05  mg/ml  and  droperidol  2.5  mg/ml, 
Pittman  Moore,  Washington  Crossing,  NJ)  for  implantation  (0.05  ml) 
and  for  MRS  (0.35-0.38  ml)  of  the  tumor  site.  Innovar  is 
approximately  1/10  the  concentration  of  Innovar-Vet,  the  later 
being  used  for  the  first  mouse  study.  The  change  in  anesthetic 
was  only  because  of  the  lack  of  availability  of  Innovar-Vet  at  the 
time  of  the  second  study.  The  dose  of  Innovar  was  adjusted 
appropriately  to  account  for  differences  in  concentration. 
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Each  mouse  was  administered  a  single  injection  of  7  mg/kg 
cisplatin  in  a  tail  vein  on  approximately  day  12  post  implantation 
by  Carol  Sweeney,  when  the  tumor  volume  reached  about  1/2  cc 
(0.502  cc  ±  0.190  cc) .  The  tumors  were  followed  with  MRS  for  at 
least  three  weeks  post  implantation. 
Spectroscopy 

Spectroscopy  data  collection  and  fitting  were  performed  by 
Haejin  Kang,  with  assistance  from  Carol  Sweeney  and  J.R. 
Ballinger,  as  described  in  the  previous  section.  In  addition,  an 
external  standard  containing  0.018  cc  of  1  M 

hexachlorocyclotriphosphazene  (HCCTP)  in  benzene  was  located  above 
the  tumor,  in  the  plane  of  the  top  of  the  coil.  MRS  was  performed 
starring  six  days  before  chemotherapy,  then  twice  weekly  for  three 
weeks . 
Analysis  of  data 

Analysis  of  the  data  was  performed  by  J.R.  Ballinger.  The 
peak  areas  were  normalized  to  the  external  standard  to  eliminate 
variability  in  the  data  from  changes  in  instrumental  sensitivity. 
The  PCr/Pi  data  were  found  not  to  be  in  a  normal  distribution  by  a 
Shapiro-Wilks  test;  therefore,  a  Student's  t-test  could  not  be 
used.  Instead,  a  two-tailed  Wilcoxcn  Rank  Sum  Test  was  used  to 
test  the  difference  between  the  sensitive  and  resistant  mice  in 
the  PCr/Pi  change  from  the  day  before  chemotherapy  to  two  days 
following  chemotherapy  (three  days  later) .  The  PME  data  were 
tested  with  both  a  two-tailed  Student's  t-test  and  the  Wilcoxon 
Rank  Sum  Test.  A  ROC  curve  was  drawn  to  show  the  predictive  value 
of  the  change  in  the  PCr/Pi  slope  in  detecting  the  resistant 
tumors . 


51 


Results  and  Discussion 


Tumor  cell  line 


The  chromium  release  assay  showed  spontaneous  release  of 
chromium  (2  hours  to  2  4  hours  =  5%  to  35%,  respectively,  of  total 
activity)  did  not  differ  significantly  with  drug  concentration  or 
cell  line.  This  suggests  that  the  cytotoxic  effects  of  cisplatin 
at  the  concentrations  tested  occurs  beyond  24  hours. 

Drug  sensitivities  of  the  parent  and  resistant  cell  lines 
were  compared  based  on  their  respective  IC50's  determined  from  the 
four-day  growth  assay  that  was  run  six  times  for  each  cell  line 
(See  Table  3-1) .  The  E10-CIS  subline  was  five  times  more  resistant 
than  the  E10  parent  cell  line. 


Table  3-1 
Results  of  Four-day  Growth  Assav 


Osteosarcoma  Cell 
Line 

E-10 

E-10  CIS 

Cisplatin 
Concentration 

4.49±0.26  ug/ml 

22.56±6.57  ug/ml 

Note.  Concentration  of  cisplatin  at  which  the  viable  cell  number 
is  50%  inhibited  compared  to  the  cell  number  of  untreated  controls 
(IC0)  . 


Animal  study 

Two  of  the  cisplatin-sensitive  tumors  failed  to  grow  well 
before  chemotherapy  and  were  excluded  from  the  analysis.  One  mouse 
was  sacrificed  due  to  eye  infection  and  weight  loss.  We  had  a 
final  number  of  eight  cisplatin-resistant  and  ten  cisplatin- 
sensitive  mice. 

Spectra  were  similar  in  appearance  and  quality  to  those  shown 
in  the  experiment  comparing  treated  and  untreated  mice.  The  mean 
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volume  of  the  sensitive  and  resistant  tumors  as  a  function  of  time 
is  shown  in  Figure  3-7.  The  graph  of  the  mean  PCr/Pi  vs  time 
(Figure  3-8)  shows  a  divergence  in  the  slopes  after  treatment  of 
the  tumors.  This  change  in  the  slope  of  the  PCr/Pi  occurs  before 
significant  changes  in  tumor  volume.  The  two-tailed,  Wilcoxon  Rank 
Sum  Test  shows  statistical  significance  at  the  a=0.05  level  in  the 
difference  between  the  post  treatment  slopes  for  the  sensitive  and 
the  resistant  tumors.  The  change  in  the  slope  of  the  sensitive 
tumor  from  pre-  to  post-chemotherapy  was  tested  and  had  a  p  value 
between  0.05  and  0.1.  The  change  in  the  slope  of  the  resistant 
tumor  pre-  to  post-chemotherapy  was  not  significant  with  a  p  value 
greater  than  0.1.  Calculating  the  post  treatment  slope  from  the 
projected  value  of  PCr/Pi  at  time  of  treatment  resulted  in  no 
significant  change  in  these  results. 

The  graph  of  the  mean  PME  levels  vs  time  (Figure  3-9)  showed 
a  transient  and  statistically  insignificant  decrease  in  the  slope 
from  day  one  to  day  five  post  chemotherapy  in  the  sensitive 
tumors,  paralleling  roughly  the  change  in  tumor  volume.  The 
resistant  tumors  showed  no  change  in  the  slope  after  chemotherapy. 

The  ability  of  the  data  to  detect  the  resistant  tumor  may  be 
expressed  with  a  ROC  curve  as  discussed  earlier  (191-194).  The 
points  on  the  ROC  curve  (Figure  3-10)  were  generated  using  Charles 
Metz's  LABROC1  program  that  fits  a  binomial  curve  to  the  PCr/Pi 
data  (195,  196).  The  area  under  the  curve  reflects  the  predictive 
value  of  the  test  with  an  area  of  0.5  indicating  no  value  and  an 
area  of  one  indicating  a  "perfect"  test.  Using  the  post- 
chemotherapy  slopes  for  the  ROC  analysis,  we  obtained  an  area  of 
0.6674±0.1249. 
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Figure  3-7  Mean  change  in  volume  of 

tumors  as  a  function  of  time 
received  chemotherapy  on  day 


sensitive  and  resistant 
All  of  the  mice 
ero  . 
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Figure  3-3  Mean  change  in  PCr/Pi  for  sensitive  and  resistant 
mice  as  a  function  of  time.  All  of  the  mice 
received  chemotherapy  on  day  0.  Change  in  the 
PCr/Pi  ratio  is  seen  as  early  as  day  1  post 
chemotherapy.  This  change  occurs  before  any 
change  in  the  volume  of  the  tumors  (compare  with 
Figure  3-9)  . 
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.gure  3-9  Graph  of  the  mean  PME  ±  one  standard  deviation  vs 
time  for  sensitive  and  resistant  mice.  All  of  the 
mice  received  chemotherapy  on  day  cere. 
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Figure  3-10 


RCC  Curve  for  detecting  resistant  tumors  with 
the  change  in  slope  of  the  PCr/Pi  ratio 
postchemo therapy .  The  true  positive  rate 
(sensitivity)  is  plotted  as  a  function  of  the 
false  positive  rate  ( 1-specif icity) . 
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Discussion 

Our  data  show  a  slight  but  statistically  significant 
difference  in  the  change  in  PCr/Pi  after  treatment  between 
sensitive  and  resistant  osteosarcomas  implanted  into  nude  mice. 
The  PCr/Pi  change  occurs  before  change  in  volume  of  the  tumor.  We 
would  want  to  have  a  high  specificity  for  detecting  a  resistant  or 
nonresponder  to  chemotherapy  to  avoid  discontinuing  a  treatment 
that  is  working.  Using  the  post  treatment  PCr/Pi  slopes  to  detect 
the  resistant  tumor,  we  can  select  a  threshold  that  will  give  us  a 
70%  specificity  and  a  54%  sensitivity.  This  is  similar  to  our  data 
with  treated  and  untreated  sensitive  tumors.  The  minor  difference 
between  these  two  studies  is  to  be  expected  since  there  was  only  a 
5-fold  difference  in  drug  sensitivity  of  the  two  cell  lines  in 
vitro.  We  are  currently  acquiring  data  using  a  slice  selective 
localization  technique  that  may  improve  our  ability  to  distinguish 
between  sensitive  and  resistant  tumors  by  diminishing 
contamination  of  our  tumor  spectra  by  underlying  muscle. 

P-31  Spectroscopy  of  Musculoskeletal  Tumors  :r.  Humans 

Materials  and  Methods 

Extensive  developmental  work  has  been  done  with  phantoms  and 
volunteers  in  vivo  MRS.  Because  of  the  small  number  of 
osteosarcoma  patients  being  referred  to  us  and  the  low  signal-to- 
noise  seen  in  the  one  tumor  patient  that  had  P-31  MRS,  we  chose  to 
delay  acquisition  of  P-31  spectra  from  additional  patients  until 
after  construction  of  a  double-tuned,  quadrature  H-l/P-31  coil  and 
possibly  implementation  of  proton  decoupling  of  spectra.  We  were 
obtaining  H-l  spectra  from  patients  that  had  significantly  better 
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signal-to-noise  than  the  P-31  spectra,  and  so  chose  to  concentrate 

on  H-l  MRS. 

Instrumentation 

The  1.5  T  GE  Signa  whole-body  magnet  was  used  for  phantoms, 
volunteers,  and  the  patient  (Figure  3-11).  A  half-saddle  coil 
double-tuned  to  H-l  and  P-31  was  used  for  most  of  the  study  (54) . 
The  coil  was  constructed  by  Jim  Scott. 
Localization  develoDment 

- 

In  the  background  section,  the  considerable  heterogeneity  of 
tumors  was  noted.  Therefore,  we  chose  to  use  2D-CSI  for  our 
experiments.  This  technique  gives  better  spatial  resolution  than 
1D-CSI  and  is  not  as  time  consuming  as  3D-CSI.  Two  problems  had  to 
be  overcome,  the  intervoxel  bleeding  that  is  inherently  present 
with  use  of  the  technique,  and  registration  of  the  CSI  spectra 
with  the  image  and  volume  of  interest. 

The  numerical  weighting,  post  processing  technique  of  CSI 
bleed  reduction  was  used  (76)  as  described  in  the  Techniques 
chapter.  Before  FFT,  the  k-space  domain  data  matrix  was  multiplied 
in  both  directions  by  the  following  Hanning  equation: 


W(g)=0.4  6[l+cos(n-?)  ] 


Where  g  is  the  value  of  the  phase-encoding  gradient,  whose  values 
range  from  -G  to  +G.  The  amount  of  signal  bleeding  before  and 
after  use  of  the  Hanning  function  was  evaluated  qualitatively  and 
quantitatively. 
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Figure  3-11  Photograph  of  the  1.5  T  General  Electric  Signa  whole- 
body  imager. 
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CSI  and  image  registration  was  necessary  to  know  from  what 
part  of  the  tumor  or  adjacent  soft  tissues  a  given  spectrum  came 
from.  The  SA/GE  software  allows  the  grid  of  spectra  to  be 
superimposed  onto  an  image  for  this  purpose.  Because  of 
differences  in  the  way  the  images  and  the  CSI  data  are  acquired, 
flip  and  translation  corrections  were  needed  for  an  exact  match.  A 
left-to-right  and  top-to-bottom  flip  were  required  to  match  the 
image  and  CSI  matrix  in  terms  of  orientation.  A  half  CSI  voxel 
shift  was  necessary  in  both  spatial  directions  because  the  image 
localizing  and  CSI  localizing  gradients  have  different  symmetry 
about  the  x  and  y  axes.  The  flip  and  translation  corrections  were 
checked  with  phantoms  and  volunteers  to  ensure  proper  positioning. 

Occasionally,  a  CSI  voxel  did  not  fall  exactly  on  the  area  of 
interest.  The  voxel  can  be  shifted  by  using  a  first  order  pnase 
correction  on  the  k-space  data  in  the  gradient  (not  time) 
dimensions.  Susan  Kohler,  Ph.D.,  formerly  of  GE  Medical  Systems, 
was  kind  enough  to  write  a  macro  for  us  to  do  this  data 
manipulation.  This  macro  was  also  tested  on  phantoms  and 
volunteers . 
Relaxation  measurements 

Tl  relaxation  measurements  were  made  on  volunteers  since  we 
were  using  a  TR  on  the  order  of  one  Tl  time  of  some  of  our 
metabolites.  Partial  saturation  experiments  were  used,  varying  the 
TR  from  1.6  sec  to  11  sees.  Data  from  these  experiments  were  fit 
with  a  monoexponential  curve  using  Statistica  software  (StatSoft, 
Tulsa,  OK) . 
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Shimming 

Whole  volume  shimming  on  the  water  peak  with  H-l  MRS  using  a 
hard  pulse  was  initially  used  in  phantoms  and  in  volunteers.  The 
homogeneity  obtained  was  only  fair,  so  a  slice  selective  shimming 
technique  was  subsequently  used. 
Spectral  analysis 

The  CSI  experiments  use  phase  encoding  gradients  turned  on 
after  the  acquisition  90°  RF  pulse  is  applied.  In  our  case,  this 
results  in  a  loss  of  eight  dwell  periods  (2  ms )  of  data  from  the 
FID.  As  a  result,  a  large  first  order  phase  correction  is 
necessary,  resulting  in  a  prominent  baseline  roll. 

This  is  corrected  using  the  sine  deconvolution  technique 
mentioned  in  the  Techniques  chapter.  When  we  first  started,  this 
technique  had  not  been  automated.  I  took  eight  point  sine  waves 
with  relative  frequencies  matching  those  of  the  majcr  metabolites, 
Fourier  transformed  them  and  added  them  to  the  distorted  P-31 
spectrum.  The  relative  magnitudes  of  the  added  functions  matched 
approximately  the  peak  heights  of  the  P-31  metacolites.  The 
absolute  magnitudes  had  to  be  adjusted  empirically.  Recently,  the 
sine  deconvolution  technique  has  been  automated  and  included  in 
the  SA/GE  software. 
Reproducibility  and  linearity 

The  reproducibility  of  the  signal  measurements  from  phantoms 
and  from  volunteers  was  tested  over  the  short  term  (-2  hours)  and 
a  long  term  (2-3  months) . 

The  linearity  of  the  signal  to  the  voxel  sice  was  checked 
with  phantoms  using  the  CSI  technique.  We  expected  to  use 
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different  size  voxels  depending  on  the  size  of  the  tumor  and 
location. 
Normalization  of  data 

An  external  standard  containing  2  cc  of  0 . 5  M  or  1  M  HCCTP 
was  positioned  at  the  base  of  the  coil  and  used  to  normalize  the 
data  and  control  for  instrumental  variation.  The  CSI  volume 
included  the  standard  in  one  of  the  voxels.  When  the  standard 
overlapped  voxels,  the  shifting  technique  mentioned  above  was  used 
to  position  the  signal  from  the  standard  in  the  middle  of  one 
voxel.  Because  we  used  a  half-saddle  coil  to  acquire  our  data,  the 
sensitivity  of  the  coil  to  different  voxels  varied.  This 
positional  dependence  was  corrected  for  by  a  factor  arrived  from 
measurements  of  the  signal  from  a  large  phantom  containing  a 
solution  of  PO,  in  water. 
Tumor  patient  experiment 

The  single  patient  that  we  did  was  a  75-year  old  woman  with  a 
pleomorphic  sarcoma,  most  consistent  with  a  dedifferentiated 
liposarcoma,  in  her  leg.  We  used  the  double-tuned  half -saddle  coil 
described  above  with  the  external  standard.  A  localizing  Tl 
weighted  SE  pulse  sequence  was  used  to  obtain  images  through  the 
tumor.  At  the  widest  part  of  the  tumor,  shimming  was  performed  on 
an  axial  slice,  3.0  cm  in  thickness.  Two-dimension  CSI  was  then 
performed  at  this  slice  with  a  16  x  16  matrix,  30  cm  FOV,  2  sec 
TR,  and  two  signal  averages  resulting  in  an  acquisition  time  of 
about  17  min.  The  voxel  volume  is  equal  to 

thickness [( FOV/matrix) 1 . 6] :  where  1.6  is  a  correction  factor  for 
use  of  the  Hanning  filter.  In  this  patient's  case,  this  gives  us  a 
volume  of  27  cc .  There  were  six  voxels  containing  mostly  tumor. 
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Spectra  from  these  voxels  were  analyzed  in  the  fashion  described 
above.  PME  was  normalized  to  the  external  standard  with  a 
correction  for  coil  sensitivity  differences.  The  PCr/Pi  ratio  was 
calculated. 

Results  and  Conclusions 
Localization  development 

The  amount  of  intervoxel  bleed  was  reduced  significantly  with 
the  use  of  a  Hanning  window.  The  signal  from  voxels  not  containing 
the  phantom  represented  31%  of  the  total  signal  from  the  standard 
without  the  Hanning  window  and  4.9%  with  the  Hanning  window.  This 
was  best  demonstrated  with  a  small,  -20  cc  bottle  of  500  mM  HCCTP 
solution. 

Good  registration  of  the  image  and  CSI  data  was  obtained.  The 
CSI  shifting  macro  worked  well.  Figure  3-12  shows  a  photograph  of 
the  CSI  data  superimposed  on  an  image  of  a  human  tumor  that  we 
examined  with  P-31  MRS. 
Relaxation  measurements 

Table  3-2  shows  the  mean  and  standard  deviation  of 
measurements  of  Tl  time  for  the  P-31  metabolites  obtained  from 
calf  skeletal  muscle  of  three  volunteers: 


Table  3-2 
P-31  Tl  Relaxation  Times  in  Normal  Skeletal  Muscle 


PME 

Pi 

PDE 

PCr 

(3  ATP 

3.79±1.31 
sec 

3.96±0.38 
sec 

3.34±1.06 
sec 

3.71±0.26 
sec 

4.22±0.32 
sec 

This  compares  to  values  from  the  literature  for  human 
skeletal  muscle  of  4.017±0.90  sec  for  Pi,  5.52±0.20  sec  for  PCr 


64 


Figure  3-12 


Photograph  of  CSI  data  superimposed  on  an  axial  MR 
image  of  tumor.  The  arrow  points  to  the  femur. 
Surrounding  the  black  cortex  of  the  femur  on  the 
left,  right  and  top,  is  the  malignant  tumor 
appearing  grey.  The  white  areas  below  the  femur 
are  mostly  fat.  The  small  light  grey  object  at  the 
bottom  of  the  photograph  is  the  external  standard. 
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and  4.31±0.60  sec  for  beta  ATP.  The  values  are  in  good  agreement 
except  for  the  PCr  where  we  get  a  smaller  Tl  time.  This  may  be 
related  in  part  to  the  fact  we  went  up  to  a  TR  of  only  eleven 
seconds  for  the  measurements.  Eleven  seconds  was  the  maximum  TR 
that  we  could  obtain  on  the  whole-body  scanner  at  the  time.  We 
expect  the  tumor  Tl  times  to  be  different  from  that  of  normal 
muscle.  In  human  brain,  tumors  have  Tl's  that  are  about  50%  larger 
than  that  of  normal  brain  (5) .  The  difference  between  Tl  times  in 
human  musculoskeletal  tumors  has  not  yet  been  studied 
systematically  because  of  the  duration  of  the  data  acquisition 
required . 
Shimming 

With  whole  volume  shimming  on  the  water  peak,  we  obrained 
line  widths  of  up  to  35  Hz  from  volunteers  using  the  half-saddle 
coil.  With  slice  shimming  the  line  width  ranged  from  10-20  Hz  in 
volunteers . 
Spectral  analysis 

The  sine  deconvolution  of  the  P-31  spectra  was  successful  in 
obtaining  a  flat  baseline.  Manually,  this  process  took  about  half 
an  hour  per  spectrum.  The  automated  method  was  very  quick,  though 
manual  adjustments  were  occasionally  necessary,  especially  with 
noisy  spectra.  Figure  3-13  shows  a  pre  and  post  baseline-corrected 
spectrum  from  skeletal  muscle  of  a  volunteer  performed  with  2D- 
CSI. 
Reproducibility  and  linearity 

Short  term  reproducibility  was  tested  by  obtaining  six 
spectra  over  a  two-hour  period  from  a  phantom  containing  500  mM 


66 


V^^-v 


*wvv 


976.8 


Figure  3-13   Pre  (bottom)  and  post  (top)  baseline-corrected  P-31 
spectra  from  the  skeletal  muscle  of  a  normal 
volunteer . 
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phosphate  solution.  The  standard  error  was  5.0%,  probably 
reflecting  instrumental  instability. 

Long  term  reproducibility  was  tested  on  three  human 
volunteers  by  obtaining  three  2D-CSI  acquisitions  of  calf  skeletal 
muscle  spaced  over  a  three-month  period.  This  data  will  reflect 
both  instrumental  variations  and  physiological  variations.  The 
variation  was  similar  for  each  volunteer  and  the  mean  standard 
error  is  given  in  the  Table  3-3  for  normalized  and  unnormaiized 
data.  The  normalized  data  was  obtained  by  dividing  the  metabciite 
signal  by  the  external  reference  signal,  and  multiplying  by  a 
correction  factor  for  the  B,  differences  between  the  two. 


Table  3-3 
Variation  in  Normalized  and  Unnormaiized  P-31  Metabolites 
over  Three  Months  in  Skeletal  Muscle  of  Volunteers 


PME 

Pi 

PDE 

PCr 

v  ATP 

a  ATP 

3  ATP 

Mean 

Unnormal . 

54% 

40% 

59% 

59^? 

45% 

45- 

45% 

50- 

Normalized 

33% 

13% 

36% 

9.3% 

1 6  % 

18& 

20% 

2  i  , 

The  normalized  spectral  data  had  less  variation  over  time 
than  did  the  unnormaiized  data.  The  smaller  Pi  peak  and  the  broad 
PME,  PDE,  and  ATP  peaks  had  greater  variation  than  the  tall  narrow 
peak  of  PCr.  The  noise  contributes  to  a  proportionately  larger 
fraction  of  the  metabolite  signal  of  small,  broad  peaks,  than  to 
larger,  narrow  peaks.  Also,  fitting  of  small  or  overlapping  peaks 
is  more  variable. 

Linearity  was  checked  by  measuring  the  signal  from  a 
phosphate  phantom  using  the  CSI  technique.  Figure  3-14  shows  a 
graph  of  the  P04  signal  plotted  as  a  function  of  voxel  volume.  The 
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Figure  3-14 


Graph  demonstrating  linearity  of  the  PO.,  signal 
plotted  as  a  function  of  the  CSI  voxel  volume. 
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rity  is  reasonable  considering  that  we  are  using  a  phase 
ing  technique.  The  volumes  that  we  use  on  our  patients  is 
ally  on  the  order  of  16  to  30  cc.  The  regression  line  fitted 
e  data  intersects  the  positive  y-axis  just  above  the  origin 
r  than  through  it.  This  finding  may  be  a  result  of  the 
nee  of  noise  in  the  spectra  (estimated  to  be  about  7%  of  the 

signal),  as  well  as  the  4.9%  bleed  from  other  voxels  causing 
f  the  points  to  be  shifted  in  a  positive  direction. 

patient  experiment 

The  spectra  from  the  single  malignant  tumor  examined  (Figure 

had  worst  signal-to-noise  than  the  spectra  from  our  normal 
teers  (Compare  with  figure  3-13) .  Other  in  vivo 
roscopists  have  reported  a  similar  marked  decrease  in  P-31 
olite  signal  from  an  osteosarcoma  in  a  human  (Personal 
.nication  from  William  T.  Evanochko,  Ph.D.  from  the  University 
abama  at  Birmingham) .  The  etiology  of  this  signal  abnormality 
.known.  The  tumor  spectra  varied  in  relative  metabolite  signal 
different  locations  to  a  greater  extent  than  spectra  from 
.1  muscle.  This  finding  was  expected  due  to  tumor 
■ogeneity.  An  example  of  a  fitted  tumor  spectrum  is  seen  in 
■e  3-16. 

A  significant  difference  was  seen  between  the  volunteers  and 
tumor  in  the  following:  PME,  PCr/Pi,  pH,  and  beta  ATP.  The 
ige  and  standard  deviation  of  these  values  over  six  voxels 
lining  tumor  in  this  patient  and  the  values  from  four 
iteers  are  given  in  Table  3-4. 


figure  ;- 
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Figure  3-15   P-31  spectrum  from  malignant  tumor  in  a  patient 
Note  lower  signal  to  noise  when  compared  to  a 
normal  volunteer  (Figure  3-13)  . 
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Figure  3-16  An  example  of  a  fitted  tumor  spectrum  from  the 
same  patient  as  Figure  3-15.  The  spectrum  is 
from  a  different  part  of  the  tumor  than  that  in 
the  Figure  3-15. 
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Table  3-4 
Normalized  Metabolite  Signal  for  Tumor  and  Skeletal  Muscle 


PME 

PCr/Pi 

PH 

3  ATP 

Tumor 

23.19±8.53 

3.2211.20 

6.9910.10 

31.4116.18 

Volunteer 
muscle 

10.69±4.80 

6.2710.58 

7.0710.04 

41.9119.74 

A  significant  difference  in  the  PME  levels (p=0 . 0107) ,  PCr/Pi 
(p=0.0002),  pH  (p=0.0442),  and  3  ATP  (p=0.0498)  is  seen  between 
the  tumor  and  normal  muscle.  Statistically  significant  differences 
were  not  seen  in  the  PCr,  Pi,  and  ADP  levels  because  of  large 
variances.  It  is  premature  to  draw  any  conclusions  from  this  one 
patient,  except  that  the  elevated  PME  and  depressed  PCr/Pi  are 
consistent  with  the  mouse  tumor  work  we  have  done. 

Anesthetic  and  Temperature  Dependence  of  pH  and  P-31  Metabolites 
in  Implanted  Human  Osteosarcoma  in  Nude  Mice 


Intrcauctirn  and  Review  : f  the  Literature 

Innovar-Vet  (fentanyl  0.4  mg/ml  and  droperidol  20  mg/ml, 
Pittman  Moore,  Washington  Crossing,  NJ)  is  used  successfully  in 
this  laboratory  to  sedate  the  mice  for  both  tumor  implantation  and 
for  NMR  studies .  Other  anesthetic  agents  used  in  mice  include 
pentobarbital,  gaseous  anesthetics,  and  ketamine  in  combination 
with  various  sedatives  (198,  199).  Authors  have  reported  the 
presence  of  time  dependent  temperature  and  anesthetic  effects  of 
pentobarbital  and  ketamine  on  P-31  MRS  of  various  tumors  including 
KHT  and  RIF-1  fibrosarcomas.  The  anesthetic  effects  included 
initial  suppression  of  high  energy  phosphate  levels  (PCr  and  ATP) 
and  are  more  marked  with  the  use  of  pentobarbital  compared  to 
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ketamine.  Reductions  of  PCr  and  ATP  and  elevation  of  Pi  in  early 
spectra  of  RIF-1  tumors  in  mice  following  ketamine  anesthesia  were 
observed  (166,  200)  .  Similar  effects  in  mice  have  been  seen  in 
RIF-1  tumors   (198)  and  in  C3H  murine  fibrosarcoma  and  spontaneous 
mammary  carcinoma  (201)  with  sodium  pentobarbital  anesthesia.  A 
significant  upward  trend  was  seen  in  the  pH  during  recovery  from 
pentobarbital  anesthesia  in  RIF-1  tumors  in  mice  (202)  .  This 
effect  was  inconsistently  seen  in  spontaneous  fibrosarcomas  and 
mammary  carcinomas  in  mice  by  other  authors  (201)  .  Innovar  has 
been  shown  to  cause  a  9%  increase  in  proton  T2  values  in  the  brain 
and  in  proton  Tl  and  T2  of  rat  kidney  (203) .  No  significant  change 
was  seen  in  the  relaxation  times  of  muscle,  liver,  fat,  and   other 
organs.  A  mixture  of  fentanyl  and  fluanisome  has  been  used  to 
anesthetize  mice  with  KHT  and  RIF-1  tumors  without  change  in  P-31 
metabolite  concentrations  or  pH  (204). 

The  physiological  changes  associated  with  Innovar-Vet  have 
been  studied  extensively  in  rats  and  compared  with  other 
anesthetics  and  analgesics  (pentobarbital,  ketamine-xylazine ,  and 
ketamine-diazepam)  (188,  189,  205).  Innovar-Vet  is  nor  a  true 
anesthetic  but  a  combination  of  a  potent  analgesic  and  a  major 
tranquilizer.  At  low  doses  Innovar  has  a  low  mortality  rate,  long 
duration  of  effect  (108  min.),  a  moderate  decrease  in  mean 
arterial  blood  pressure  (18%),  and  the  least  effect  on  blood  pH, 
pO;  and  thermoregulation.  At  high  doses  of  Innovar  there  is  an  18- 
mortality  rate,  longer  duration  of  effect  (170  min),  a  37::  drop  in 
blood  pressure,  and  a  marked  drop  in  both  blood  pH  and  pO;  (189) . 

We  wanted  to  determine  whether  anesthesia  with  Innovar-Vet 
would  have  any  effects  on  temperature  regulation  or  on  tumor 


74 
metabolite  levels  in  nude  mice  during  NMR  studies.  Our  hypotheses 
are  as  follows: 

1)  That  anesthesia  with  Innovar-Vet  causes  loss  of 

thermoregulation  in  nude  mice  at  doses  required  for  immobilization 
for  NMR  studies. 

2)  That  a  significant  difference  between  the  rectal  temperature 
and  the  skin  temperature  of  mice  will  be  found. 

3)  That  pH  in  implanted  osteosarcoma  in  the  nude  mouse  exhibits 
similar  temperature  dependency  as  that  reported  in  skeletal  muscle 
of  the  rat  and  frog  and  in  heart  and  brain  of  humans . 

4)  That  anesthesia  effects  may  be  seen  in  the  pH  and  P-31 
metabolites  of  osteosarcoma. 

Methods  and  Materials 
Animal  preparation 

Twelve  female  Balb/c  nude  mice,  weighing  between  25-30  grams, 
were  quarantined  and  acclimated  to  environmental  conditions  of 
27±1  °C  and  40-50^?  humidity  for  5-7  days  before  tumor  cell 
implantation.  Laminar  flow  ventilation  and  individual  air-filter 
covers  over  the  cages  help  to  maintain  an  aseptic  environment.  The 
mice  were  provided  food  and  water  ad  libitum. 

A  suspension  of  6  x  107  cells  of  the  human  osteosarcoma  cell 
line  791T  (Zoma  Corp.,  Berkeley,  CA)  was  implanted  subcutaneously 
over  the  gluteus  maximus  of  anesthetized,  seven  week  old  mice  by 
Carol  Sweeney.  The  tumors  were  studied  after  approximately  two 
weeks.  The  size  of  the  tumors  at  the  time  of  spectroscopy, 
measured  with  calipers  and  calculated  as  the  volume  of  an 
ellipsoid  (pi/6) *L*H*W,  was  0.516±0.155  cc. 
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Anesthesia 

The  mice  were  anesthetized  with  an  intraperitoneal  injection 
of  0.04-0.05  ml  of  Innovar-Vet  that  was  diluted  to  10%  with  normal 
saline  (7  mg/kg) .  This  dose  provides  adequate  anesthesia  for  one 
to  two  hours . 
NMR  experiments 

In  the  first  set  of  experiments,  six  mice  were  injected  with 
anesthetic  and  positioned  in  the  magnet  with  no  external  heating. 
The  temperature  in  the  bore  of  the  magnet  was  20. 4±  3.0  :C.  In  the 
second  set  of  experiments,  another  six  mice  were  anesthetized, 
positioned  in  the  magnet,  and  warmed  with  39  °C  air  circulated 
through  the  bore.  The  mice  had  a  preanesthetic  rectal  temperature 
of  36.6±0.5°C.  For  both  groups,  spectra  were  obtained  at  15  min 
intervals  starting  approximately  30  minutes  after  injection  of  the 
mouse.  The  30  minutes  were  used  for  sedation,  positioning  the 
mouse  and  shimming.  Spectra  were  obtained  for  two  to  three  hours 
after  injection  with  Innovar-Vet. 

A  third  set  of  experiments  was  performed  with  four  mioe  tc 
determine  if  single  mice,  placed  in  the  bore  of  the  relatively 
cold  magnet,  dropped  their  temperature  without  the  use  of 
anesthetic.  The  temperature  of  the  mice  was  measured  at  time  zero, 
at  30  min,  and  at  60  min.  The  mice  were  removed  from  the  magnet 
for  about  two  minutes  to  measure  their  rectal  temperature  at  the 
30  min  and  60  min  time  points. 

The  rectal  temperature  of  the  mouse  was  monitored  with  a 
fiberoptic  probe  connected  to  a  Fluoroptic  Thermometry  System 
(Luxtron  750),  covered  with  a  modified  5  french  teflon  angiography 
dilator  (Cook,  Bloomington,  IN) .  The  probe  was  inserted  between 
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1.5  and  2.0  cm  into  the  rectum.  The  temperature  was  measured  just 
before  sedation,  at  the  beginning  and  end  of  each  acquisition,  and 
every  5-10  minutes  throughout  the  spectroscopy  session.  Besides 
rectal  temperature,  skin  temperature  overlying  the  tumor  was 
measured  with  a  second  probe  on  three  heated  and  three  unheated 
mice.  To  measure  skin  temperature,  the  tip  of  the  probe  was  placed 
so  that  it  slightly  indented  the  skin  of  the  mouse  overlying  the 
tumor.  The  probe  was  then  taped  to  the  coil  support.  The 
preanesthetic  tumor  temperature  was  35.2±0.36°C. 

Spectroscopy  was  performed  on  a  Spectroscopy  Imaging  Systems 
Corporation  Model  VIS  35/310  imaging  spectrometer  with  a  310-mm 
diameter  horizontal  bore  Oxford  Instruments  magnet  operating  at  2T 
(34.61  MHz  for  P-31)  .  The  spectrometer  was  operated  from  and  the 
spectra  analyzed  on  a  Sun  3/110  work  station  (Sun  Microsystems, 
Inc.,  Mountain  View,  CA) .  A  home-made,  balanced-matched,  2-turn 
solenoid  coil  double-tuned  to  H-l  and  ?-31  (54),  with  an  internal 
diameter  of  12  mm  (constructed  by  Haejin  Kang,  Ph.D.)  was 
positioned  over  the  tumor  with  a  fenestrated  Faraday  shield 
positioned  around  the  base  of  the  tumor  to  exclude  signal  from 
adjacent  muscle  (55) .   The  magnet  was  shimmed  on  the  water  peak  on 
each  mouse  to  a  line  width  of  0.2-0.4  ppm.  P-31  spectroscopy  was 
performed  with  a  non-selective  12  usee,  90°  three-lobed  sine-shaped 
RF  pulse  followed  30  usees  later  by  acquisition  of  the  signal.  The 
90°  RF  pulse  power  was  set  by  maximizing  the  signal  from  the  tumor. 
The  acquisition  parameters  were:  number  of  points=2000,  TR=2.5 
sec,  256  averages,  11  min  acquisition  time. 

Each  FID  was  apodized  with  3  Hz  line  broadening,  zero-filled 
to  4000  points  and  Fourier  transformed.  Spectra  were  fit  using  the 
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Fitspec  software  provided  by  SISCO  following  zero-order  phase 
correction.  pH  was  calculated  from  the  shift  of  the  Pi  peak  from 
the  PCr  peak  using  the  method  of  Kost.  This  method  accounts  for 
the  temperature  at  time  of  measurement  (206) .  For  purposes  of  pH 
calculation,  an  average  of  the  temperature  at  start  and  end  of  the 
spectrum  was  used.  For  measurement  of  peak  areas,  each  FID  was 
apodized  to  obtain  10  Hz  line  broadening  to  improve  the  signal-to- 
noise  prior  to  fitting. 
Statistical  analysis 

In  the  unheated  mice,  the  pH  was  plotted  as  a  function  of 
the  temperature  and  fitted  with  a  least-squares  linear  regression 
line.  In  the  heated  mice,  the  pH  was  plotted  as  a  function  of  the 
acquisition  number  and  therefore  as  a  function  of  time.  The  slope 
for  each  group  of  mice  was  tested  with  a  t-test  to  determine  if  it 
was  significantly  different  from  zero  (i.e.,  that  there  was  a 
significant  dependence  on  either  temperature  or  time) .  The  Pi, 
PCr,  and  ATP  peak  areas  were  tested  as  a  function  of  time  in  a 
similar  fashion  as  the  pH  in  the  heated  mice.  In  addition,  a 
paired  t-test  was  performed  on  the  first  and  last  peak  area  for 
each  metabolite  for  both  the  heated  and  unheated  mice.  A  paired  t- 
test  was  performed  on  the  temperature  data  from  the  unanesthetized 
mice  comparing  the  values  at  time  zero  with  those  at  30  mins  and 
60  mins. 
Results 

A  marked  loss  of  thermoregulatory  ability  of  all  anesthetized 
mice  was  seen.  Unheated  mice  experienced  a  marked  drop  in 
temperature  (Figure  3-17).  One  mouse  showed  a  spontaneous  reversal 
of  the  hypothermia.  The  unanesthetized,  unheated  mice  showed  no 
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Figure  3-17 


Rectal  temperature  of  unheated  anesthetized  and 
unheated,  unanesthetized  mice  vs  time  post 
anesthesia.  One  anesthetized  mouse  showed  a 
spontaneous  increase  in  temperature  after  about 
1 . 25  hours . 
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significant  decrease  temperature  at  30  mins  (p=0.742,  Confidence 
Interval  (CI):  (-2.06,  1.73)  and  at  60  mins  (p=0.449,  CI:  (-4.30, 
2.77) ) (Figure  3-17).  The  heated  mice  showed  a  fairly  constant 
temperature  after  about  30  mins  postinjection  of  anesthesia.  The 
slight  drop  in  temperature  seen  before  this  time  (Figure  3-18) 
occurred  while  the  mice  and  the  coil  were  being  positioned.  A  heat 
lamp  was  used  during  a  part  of  the  initial  30  mins  to  minimize  the 
heat  loss  by  the  mice.  The  rectal  and  skin  temperatures  paralleled 
each  other  in  both  the  heated  and  unheated  mice.  The  mean, 
standard  deviation,  and  range  in  temperature  difference  between 
the  rectal  and  skin  temperatures  for  the  unheated  and  the  heated 
mice  are  shown  in  Table  3-5.  The  difference  between  the  skin  and 
rectal  temperatures  was  significantly  different  from  zero 
(p=0.0053)  though  this  difference  was  small  (1.32°C,  range  0.4- 
3.2).  The  purpose  of  measuring  both  the  rectal  and  the  skin 
temperature  was  to  estimate  the  accuracy  of  the  rectal  temperature 
in  predicting  the  temperature  of  the  tumor  itself,  where  the 
spectra  are  obtained.  We  expected  that  the  temperature  of  the 
tumor  to  be  between  that  of  the  rectum  and  skin,  since  the  rectal 
temperature  is  close  to  the  core,  or  highest  temperature  in  the 
mouse  and  the  skin  temperature  is  the  coolest  part  of  the  mouse. 
Since  the  rectal  and  skin  temperatures  were  so  similar,  it  is 
concluded  that  the  rectal  temperature  is  a  reasonable  estimate  of 
the  tumor  temperature  for  purposes  of  pH  measurement. 
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Figure  3-18   Rectal  temperature  of  the  heated,  anesthetized  mice 

vs  time  postanesthesia.  The  slight  dip  in  temperature 
before  30  mins  occurred  while  the  mice  and  the  coil 
were  being  positioned. 


Table  3-5 
Difference  Between  Rectal  and  Skin  Temperature  in  Mice 


Mouse 

Mean  Difference 

in  °C 

Standard 
Deviation  of 

Difference 

Range  of 
Differences 

Unheated  1 

2.56 

0.44 

1.5-3.0 

Unheated  2 

1.72 

0.24 

0.4-1.3 

Unheated  3 

0.31 

0.18 

0.5-1.0 

Heated  1 

0.91 

0.30 

0.4-1.3 

Heated  2 

1.47 

0.95 

0.4-3.2 

Heated  3 

1.43 

0.77 

0.6-2.9 

An  insignificant  increase  in  the  pH  during  recovery  from 
anesthesia  was  seen  in  the  heated  mice  (Figure  3-19)  .  A 
significant  correlation  (p=0.0021)  between  the  pH  and  temperature 
was  seen  in  the  unheated  mice  (Figure  3-20) .  The  regression  lines 
fitted  to  the  data  project  to  a  pH  between  6.9  and  7.2  at  36%  like 
the  heated  mice,  except  for  one  mouse.  The  reason  for  this 
exception  is  unknown;  however,  the  rectal  temperature  measurement 
is  highly  dependent  on  the  position  of  the  fiberoptic  temperature 
probe  in  the  rectum.  Movement  of  the  probe  during  the  experiment 
might  explain  this  finding.  Alternatively,  the  pH  of  that 
particular  mouse's  tumor  might  really  be  6.5  as  regression  of  the 
points  would  suggest.  The  mice  showed  an  average  change  in  pH  of 
-0.025±0.011  Units/cC  (95%  CI:  (-0.03598,  -0.01391)). 

Analysis  of  the  peak  areas  showed  no  significant  change  over 
time  in  the  PCr,  Pi,  and  ATP  peak  areas  (Figure  3-21) . 
Discussion 

Over  three  years,  we  have  used  8  6  mice  for  three  to  twelve 
spectroscopy  acquisitions  each  with  eight  anesthetic  fatalities 
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PH 


Figure  3-19 


Graph  of  the  pH  of  the  six  heated  mice  vs 
experiment  number.  Note  lack  of  significant 
change  over  time  (experiment  number) . 
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Figure  3-20  Graph  of  the  pH  of  the  six  unheated, 

anesthetized  mice  vs  rectal  temperature. 
Regression  lines  have  been  fitted  to  the  data  of 
all  but  one  of  the  mice.  See  the  text  for  an 
explanation. 
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Figure  3-21 


Graph  of  peak  areas  of  the  PCr,  Pi,  and  ATP  as  a 
function  of  time.  Experiment  numbers  are  at 
approximately  15  min  intervals. 
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(9%) .  This  compares  favorably  with  the  rat  mortality  rate  and 
duration  of  effect  at  low  to  moderate  doses  though  the  dose  per  kg 
is  higher  for  the  mice. 

We  have  found  that,  unlike  in  rats,  there  is  a  marked  loss  of 
thermoregulation  when  Innovar-vet  is  used  for  sedating  the  nude 
mouse.  Nude  mice  lack  the  thick  fur  of  rats  and  have  minimal 
subcutaneous  muscle,  unlike  the  rat.  These  differences  and  also 
the  size  discrepancy  between  the  nude  mouse  and  the  rat  may 
explain  the  thermoregulation  differences. 

A  small  but  statistically  significant  difference  between  the 
temperature  measured  from  the  skin  overlying  the  tumor  and  from 
the  rectum  was  found.  For  purposes  of  calculating  the  pH  this 
difference  has  a  minimal  effect.  The  mean  difference  in  pH 
calculated  using  the  two  temperatures  was  0.0058±.0045  units  for 
the  unheated  mice  and  0.0032±.0019  units  for  the  heated  mice. 

The  temperature  dependency  of  pH  has  been  explained  and 
modeled  using  a  buffer  system  involving  carbonic  acid  and 
histidine-imidazole  groups  (207-209) .  The  pH  is  directly  related 
to  the  pK3  of  the  buffer  system.  The  temperature  dependence  of  the 
pKa  can  be  expressed  by  the  van't  Hoff  equation 

^        '4.57  6  Tx      T, 

where  delta  H  is  the  heat  of  ionization  (cal),  T-  and  T,  are 
absolute  temperatures,  and  4.576  is  In  10  times  the  gas  constant, 
R  (cal^deg'^mol"1)  (210)  .  This  temperature  dependency  is  nonlinear; 
however,  over  a  small  range  of  temperatures,  it  can  be 
approximated  by  a  linear  function. 
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A  temperature  dependency  of  the  pH  was  demonstrated  in  this 
study.  The  mice  showed  a  mean  change  in  pH  of  -0.025±0.011  U/°C 
with  a  95%  CI:  (-0.03598,  -0.01391).  The  confidence  interval 
covers  the  range  noted  for  sheep  brain  (-0.015  U/°C)  and  heart  (- 
0.018  U/°C)  during  hypothermia  (211).  Blood  and  skeletal  muscle  pH 
temperature-dependence  in  cold-blooded  vertebrates  has  been 
reported  in  a  range  of  -0.010  U/°C  to  -0.031  U/°C  (207,  210,  212]  . 
Conclusions 

We  found  that  anesthesia  with  Innovar-Vet  causes  marked  less 
of  the  thermoregulatory  ability  of  the  nude  mouse  at  doses 
required  for  immobilization  for  one  to  two  hours.  With  this  drop 
in  temperature  of  the  mouse  there  is  an  increase  in  the  pH  of  the 
tumor  as  measured  with  P-31  NMR.  This  increase  in  pH  is 
0.025±0.011  units  per  3C  drop  in  temperature  and  compares  favorably 
to  measurements  of  other  tissues  in  other  animals.  We  also  found  a 
statistically  significant  but  small  difference  between  the  rectal 
temperature  and  the  skin  temperature  of  the  mice  (1.32  'O  .  No 
significant  anesthetic  effect  was  seen  on  the  pH  or  on  the 
metabolite  levels.  Innovar-Vet  appears  to  be  a  useful  sedative  for 
nude  mice  during  P-31  NMR  experiments. 


CHAPTER  4 
PROTON  SPECTROSCOPY  OF  MUSCULOSKELETAL  TUMORS 


Review  of  the  Literature 

The  literature  on  abnormal  H-l  spectra  in  tumors  is  limited 
primarily  to  brain  tumors  and  a  few  soft  tissue  tumors  (see 
below) .  In  vivo  H-l  spectroscopy  noninvasively  measures  the  levels 
of  many  important  metabolic  substances.  These  include  free  amino 
acids  (glutamate  and  glutamine  (Glu) ,  taurine,  alanine,  and 
aspartate)  N-Acetyl  aspartate  (NAA) ,  lactate,  y-aminobutyric  acid 
(GABA)  ,  inositols,  choline,  and  creatine/phosphocreatme  (91). 
Elevated  levels  of  glucose  have  been  measured  in  spectra  from  the 
brain  of  diabetic  patients  with  hyperglycemia  (213). 

Important  peaks  in  tumor  spectra  include 
creatine/phosphocreatine  (Cr) ,  choline/phosphocholine  (Cho) , 
taurine  (Tau) ,  and  lactate  (Lac) .  Creatine  is  phosphorylated  to 
PCr  and  used  as  an  energy  source  to  replenish  ATP.  Cho  is  released 
from  the  breakdown  of  phosphatidylcholine  found  in  membranes .  Cho 
is  salvaged  and  reused  by  the  action  of  choline  kinase,  converting 
it  to  phosphoryl  choline.  It  is  then  converted  to 
phosphatidylcholine  and  incorporated  into  new  membranes  (151). 
Inositol  is  also  converted  into  a  membrane  phosphoglyceride, 
phosphatidylinositol .  Tau  is  found  in  abundance  as  a  free  amino 
acid  in  proliferating  cells  that  are  rich  in  membranes  and  that 
generate  oxidants,  such  as  fetal  and  neonatal  brain,  retina, 
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lymphocytes  and  lymphoblastoid  cells.  Tau  stabilizes  membranes  by 
controlling  water  and  ion  permeability  of  membranes  and  by  acting 
as  an  antioxidant  (214)  .  The  concentration  of  Tau  is  elevated  in 
malignant  tumors  such  as  RIF-1  tumors  in  mice   (215,  216)  and 
colon  tumors  in  humans   (217)  .  Treatment  of  HeN4  fibrosarcomas  in 
mice  with  tumor  necrosis  factor  has  been  shown  to  cause  a  1.6  fold 
decrease  in  Tau  as  demonstrated  with  extract  studies  using  H-l  MRS 
(218).  Lactate  is  formed  during  anaerobic  glycolysis  (utilization 
of  glucose  or  glycogen  for  energy  without  oxygen)  and  is  found 
near  and  within  areas  of  necrosis.  Rapidly  growing,  high  grade 
malignant  tumors  outgrow  their  blood  supply  resulting  in  anaerobic 
conditions.  H-l  MRS  reflects  physiological  and  metabolic 
processes,  and  may  show  very  early  spectral  changes,  possibly 
providing  information  on  biological  responses  of  tumors  to 
therapy. 
Current  status,  H-l  MRS 

The  use  of  H-i  MRS  in  bone  tumors  has  been  reported  only 
recently.  A  few  soft  tissue  tumors,  a  leiomyosarcoma,  a 
liposarcoma  and  several  malignant  fibrous  histiocytomas  (MFH) , 
have  been  examined  in  humans  with  H-l  MRS  (23,  219,  220) .  In  all 
cases,  absence  of  the  Cr  signal  is  seen.  Cr  is  seen  in  spectra  of 
normal  skeletal  muscle.  No  muscle  spectra  are  shown  in  these 
reports,  so  it  is  uncertain  if  absence  of  the  Cr  peak  is  a 
characteristic  of  the  MFH  tumor,  related  to  necrosis,  or  secondary 
to  technical  problems  such  as  poor  Bn  homogeneity  resulting  in 
confluence  into  the  adjacent  Cho  and  Tau  peaks.  In  one  MFH, 
absence  of  the  Cho  peak  is  also  noted.  This  may  be  related  to 
necrosis  of  the  tumor.  There  is  no  mention  of  the  Cho  or  other 
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peaks  in  the  three  other  cases.  H-l  spectra  of  implanted  RIF-1 
tumors  in  mice  show  increases  in  the  Lac,  Tau,  and  Cho  peaks  and 
decrease  in  the  Cr  peak  (58,  166). 

Shifts  in  the  7.2  ppm  H-l  peak  of  endogenous  anserine 
(methylcarnosine  or  beta-alanyl-N-3-methyl  histidine)  in  frog 
gastrocnemius  muscle  (221,  222),  and  the  8.2  ppm  peak  in  rat 
gastrocnemius  muscle  (223),  rat  thigh  muscle  (224),  and  human 
quadriceps  muscle  (225)  have  been  correlated  successfully  with  pH. 
Comparison  of  pH  measurements  in  rat  muscle  using  Pi  position  with 
P-31  and  anserine  position  with  H-l  MRS  found  no  significant 
differences  (226) .  The  chemical  shift  of  a  resonance  is  sensitive 
to  changes  in  pH  when  the  nucleus  involved  is  intimately 
associated  with  an  acidic  or  basic  group  with  a  pK„  near  the  local 
pH  (227) . 

There  are  H-l  spectroscopic  findings  reported  from  mere  than 
250  human  brain  tumors  (8,  23-30,  228-233) .  These  studies 
consistently  show  increased  Cho/Cr  ratios  and  decreased  in  N- 
acetyl  aspartate  (NAA) .  NAA  is  considered  a  marker  for  normal, 
mature  brain  cells  (neurons).  Lac  is  usually  present  in  high  grade 
tumors  and  in  any  grade  of  tumor  with  necrosis.  One  study  (29) 
compares  P-31  and  H-l  spectroscopy  of  three  astrocytomas  and  finds 
an  association  between  elevated  Lac  and  elevated  pH.  Lac  is  also 
seen  in  low  grade  astrocytomas  that  are  not  necrotic.  In  skeletal 
muscle  elevated  Lac  is  associated  with  acidosis,  rather  than 
alkalosis  as  here.  It  has  been  suggested  that  the  disassociation 
between  Lac  and  pH  may  be  related  to  the  contribution  of  Lac  to 
intracellular  pH  regulation  in  the  brain  (29) ;  however,  the  pK,  of 
lactate  is  3.08  (234)  making  it  an  unlikely  contributor  to  pH 
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regulation.  An  alternative  explanation  of  the  coexistence  of  high 
pH  and  high  Lac  could  be  the  presence  of  microscopic  heterogeneity 
of  the  tissue  within  the  spectroscopic  voxel.  Similar 
abnormalities  in  the  Cho,  Cr,  NAA,  and  Lac  are  seen  in  animal 
models  of  brain  tumors  (235) .   Parallel  H-l  and  P-31  spectral 
findings  in  brain  tumors  are:  1)  decreased  Cr  and  PCr;  2) 
increased  Cho  and  PME;  and  3)  increased  Lac  and  pH. 

We  hypothesize  that  the  parallel  findings  seen  in  H-l  and  P- 
31  spectra  from  brain  tumors  can  be  extrapolated  to 
musculoskeletal  tumors.  Before  therapy,  we  expect  to  see  high 
levels  of  Cho,  low  levels  of  Cr  and  high  levels  of  Lac  in  H-l 
spectra  when  compared  to  muscle.  Following  therapy,  decreased  Cho 
and  possibly  an  increase  in  Cr  is  expected  as  a  response.  Lactate 
is  expected  to  increase  or  remain  unchanged.  Long  term  decrease  in 
Cho  is  expected  to  be  associated  with  >90%  necrosis. 
Advantages  of  H-l  over  P-31  spectroscopy 

1)  A  wide  range  of  compounds  is  seen  with  H-l  MRS  that  are  not 
accessible  to  P-31,  e.g.,  amino  acids,  ketone  oodles,  fats,  and 
lactate.  The  elevation  of  the  Cho  in  malignant  neoplasms  has  been 
discussed.  The  presence  of  Lac  in  tumors  reflects  oxygen  lack, 
ischemia,  or  increased  energy  demand  (236) .  The  amine  acid 
glutamine  is  used  as  fuel  for  metabolism  in  cancer  cells. 
Glutaminolysis  is  considered  a  marker  of  rapidly  dividing  ceils 

(161)  . 

2)  The  greater  signal  from  H-l  spectroscopy  allows  the  use  of 
smaller  voxels,  and  a  shorter  acquisition  time.  The  smaller  voxels 
allow  more  homogenous  sampling,  especially  with  the  use  of 
chemical  shift  imaging.  Significant  heterogeneity  of  P-31  spectra 
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within  individual  assorted  sarcomas  has  been  reported  (237), 
suggesting  the  necessity  for  small  voxels.  A  shorter  acquisition 
time  decreases  the  chance  of  patient  motion,  improves  patient 
comfort,  and  potentially  decreases  the  cost  for  machine  time. 
Disadvantages  of  H-l  MRS 

1)  ATP  has  not  been  detected  with  in  vivo  H-l  MRS  at  1.5  T.  ATP  is 
important  as  the  immediate  source  of  energy  for  most  metabolic 
processes.  Decreased  levels  are  found  in  tumors  with  reversal 
following  effective  treatment.  ATP  has  been  identified  and 
quantified  by  H-l  MRS  in  human  skeletal  muscle  at  4.1  T  (171) .  The 
higher  field  strength  improves  the  S/N  and  increases  the  chemical 
dispersion. 

2)  The  Cho  peak  represents  both  precursor  and  breakdown  products 
of  cell  membranes  and  organelles.  PME  and  PDE  are 
indistinguishable  with  H-l  MRS.  This  is  probably  not  a  serious 
problem,  as  the  PME  and  PDE  peaks  show  similar  changes  in 
implanted  osteosarcoma  in  mice  (158). 

3)  The  water  signal  in  vivo  is  approximately  1000  times  that  of 
the  metabolite  signals.  This  makes  water  suppression  techniques  a 
requirement  for  H-l  MRS.  Several  water  suppression  techniques  have 
been  successful  with  in  vivo  H-l  MRS  (See  Water  Suppression  in  the 
Techniques  chapter. 

4)  Lipid  signals  may  mask  the  Glu  and  Lac  signals  of  interest  if 
subcutaneous  or  perivascular  fat  is  included  in  the  voxel. 
Fortunately  most  tumors  will  displace  the  fat  rather  than 
engulfing  it.  An  inversion  pulse  has  been  used  with  1-D  CSI  and 
surface  coil  H-l  MRS  to  suppress  the  fat  signal,  analogous  to 
inversion  recovery  sequences  in  MRI  (113,  238).  This  method  takes 


92 
advantage  of  the  short  Tl  of  fat  compared  to  metabolites  but 
results  in  =30-40%  reduction  in  metabolite  signal  (238).  With 
accurate  localization  techniques  and  small  voxels,  we  may  not  need 
to  suppress  the  fat  signal. 

Mouse  Studv 

Materials  and  Methods 
Coil  construction 

A  3-turn,  balanced-matched  solenoid  coil  tuned  for  H-l 
spectroscopy  on  the  2  T  spectrometer  was  constructed.  The  coil 
itself  was  made  of  1.3  mm  Cu  wire  wound  to  a  diameter  of  1.7  cm. 
The  circuit  diagram  of  the  coil  is  shown  in  Figure  4-1.  CI  and  C2 
are  nominally  0-30  pF  variable  capacitors  used  for  tuning  ana 
matching  the  coil  respectively,  and  C3  is  a  2.4  pF  capacitor.  The 
C2  capacitance  is  close  to  2.4  pF,  optimizing  the  efficiency  of 
the  coil  (239) . 
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Figure  4-1 


Diagram  of  RF  coil  used  for  H-l  MRS  and 
MRI  of  mouse  tumors  in  the  2  T 
spectrometer . 
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Shimming  and  localization  development 

Initial  phantom  studies  were  performed  with  a  spin  echo 
sequence  (TR=2  sec) ,  using  the  coil  to  localize  only.  A  Faraday 
shield  was  added  for  the  mouse  spectroscopy.  Later,  localization 
was  improved  with  a  slice  selective  spin  echo  pulse  sequence 
(Figure  4-2) . 
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Figure    4-2 


Diagram  of  slice-selective,  SE  pulse 
sequence  with  three  CHESS  water  suppression 
pulses  for  H-l  MRS  of  mouse  tumors. 
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A  STEAM  localization  sequence  was  not  available  on  the  2  T 
magnet  at  the  time,  so  experiments  with  nine  mice  were  performed 
on  the  Signa  whole  body  imager,  using  a  3-inch  proprietary  surface 
coil  and  a  STEAM  sequence  with  three  CHESS  water  suppression 
pulses.  A  water  bag  containing  0.3  normal  saline  was  place  over 
the  tumor  to  eliminate  possible  susceptibility  effects  at  the 
tumor-air  interface.  This  was  done  on  the  Signa  whole  body  imager. 
The  PRESS  sequence  was  used  on  two  of  the  mice  to  improve  the 
signal  from  the  tumors.  The  spectroscopy  volume  was  positioned 
graphically  after  an  image  of  the  mouse  tumor  was  obtained.  The 
voxel  was  (6  mm)  :  and  was  positioned  within  the  tumor.  Signal  was 
averaged  for  512  to  768  acquisitions  with  a  TR=2  sec  and  a  TE=30- 
80  ms .  Data  processing  of  the  spectra  acquired  from  the  whole  body 
scanner  were  processed  with  the  GE  SA/GE  software  as  described 
previously. 

The  water  bag  was  tried  once  in  the  2  T  spectrometer  with  the 
original  coil  constructed,  however  the  coil  geometry  and 
difference  in  matching  were  a  problem.  The  fact  that 
susceptibility  effects  are  greater  at  higher  field  strength  may 
have  contributed  to  the  difficulty. 
Water  suppression  development 

The  spin  echo  pulse  sequence  on  the  2  T  spectrometer  was 
modified  by  adding  a  frequency  selective  RF  (CHESS)  pulse  and 
dephasing  gradients  to  perform  water  suppression.  Subsequently, 
two  and  then  three  CHESS  pulses  were  added.  One  or  two  dephasing 
gradients  were  turned  on  after  each  RF  pulse  and  the  amplitudes  of 
the  gradients  varied  to  prevent  undesirable  stimulated  echos  from 
forming.  In  addition,  the  TE  was  varied  between  30  ms  and  272  ms 
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to  eliminate  lipid  and  residual  water  signal,  since  the 
metabolites  of  interest  (Cho  and  Cr)  have  longer  T2  times  than 
water  and  lipid. 
Mouse  tumor  imaging 

At  first,  some  difficulty  was  encountered  in  determining  the 
tumor-muscle  boundary  at  the  bottom  of  the  tumor  with  a  Tl 
weighted  (TR=0.5  sec,  TE=30  ms)  spin  echo  sequence  when  doing 
localized  P-31  studies  previously.  A  T2  weighted,  SE  sequence  with 
TR=2 . 5  sec,  TE=70  ms,  128  phase  encoding  steps,  and  one  average 
was  used.  This  improved  the  contrast  between  the  tumor  and  muscle 
compared  to  the  Tl-weighted  sequence  but  suffered  from  low  signal- 
to-noise  (S/N)  and  took  over  5  min  to  perform.  It  was  then  decided 
to  try  a  paramagnetic  i.v.  contrast  agent  to  improve  the  tumor - 
muscle  boundary  delineation.  Carol  Sweeney  injected  0.02  cc    of 
Gadolinium-DTPA  (0.2  mM/kg,  Magnevist,  Berlex  Laboratories:  into  a 
tail  vein  of  the  mice  after  obtaining  unenhancea  images.  This  was 
done  on  two  mice  on  separate  occasions.  The  Tl  weighted  spin  echo 
imaging  sequence  used  the  following  parameters:  TR=0 . 5  sec,  TE=20 
ms ,  128  phase  encoding  steps,  and  one  average. 
Results  and  Discussion 
Coil  construction 

The  Q  factor  of  the  loaded,  3-turn,  solenoid  coil  used  for  H- 
1  spectroscopy  on  the  2  T  spectrometer,  determined  with  a  Hewlett 
Packard  8752A  network  analyzer,  was  125-130.  This  coil  was  tested 
with  phantoms  and  with  mouse  tumors  and  performed  well  in  terms  of 
S/N  and  uniformity  of  the  B.  field  as  determined  qualitatively  with 
H-l  images . 
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Localization  development 

Initial  phantom  studies  using  localization  with  the  coil 
gave  a  line  width  as  small  as  5  Hz.  When  localizing  the  mouse 
tumor  with  the  coil  and  a  Faraday  shield,  the  line  width  of  the 
spectral  peaks  (30-40  Hz)  was  too  large  for  proton  spectroscopy  in 
spite  of  shimming.  The  chemical  shift  between  the  Cho  and  Cr  peaks 
at  2  T  is  14  Hz  so  we  need  a  line  width  of  about  15  Hz  or  less  to 
resolve  them  well.  Localization  with  a  slice  selective  pulse 
sequence,  parallel  to  the  surface  of  the  mouse  (i.e., 
perpendicular  to  the  y-axis),  resulted  in  a  30%  improvement  in  the 
mouse  (18-28  Hz)  .  Figure  4-3  shows  spectra  with  and  without  water 
suppression  from  a  mouse  acquired  on  the  2  T  spectrometer. 

Localization  of  the  mouse  tumor  with  the  STEAM  sequence  on 
the  whole  body  magnet  was  successful,  but  sufferec  from  a  low  SNR. 
The  20-30  min  required  to  obtain  good  signal  resulted  in  some 
degradation  of  the  peak  resolution  in  seme  of  the  spectra,  perhaps 
from  instability  of  the  transmitter  frequency  over  time  or,  more 
likely,  due  to  the  mouse  waking  up  from  the  anesthetic  and  moving. 
A  water  bag  was  placed  around  the  turner  to  avoid  broadening  of  the 
line  width  from  susceptibility  effects  that  occur  at  the  soft 
tissue-air  interface.  This  resulted  in  significant  improvement  of 
the  line  width,  dropping  from  15-18  Hz  down  to  3-13  Hz.  The  PRESS 
sequence  helped  the  SNR  considerably  (Figure  4-4). 
Water  suppression  development 

Water  suppression  using  the  2  T  spectrometer  with  one  CHESS 
pulse  resulted  in  about  a  10  fold  decrease  in  the  water  peak.  Two 
CHESS  pulses  gave  a  30-70  fold  reduction  in  the  water  peak.  Water 
suppression  with  3  pulses  resulted  in  a  110  fold  decrease,  which 
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Figure  4-3 


H-l  spectra  from  mouse  tumor  acquired  on  2  T 
spectrometer.  The  top  spectrum  is  with  water 
suppression;  the  bottom  spectrum  is  without 
water  suppression. 
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Figure  4-4 


Water-suppressed  H-l  spectrum  from  mouse 
tumor  acquired  on  1.5  T  whole-body  MR 
scanner.  The  short  arrow  marks  the  partially- 
suppressed  water  peak  and  the  long  arrow 
marks  the  Cho/Tau  peak.  The  large  unmarked 
peak  is  the  lipid  signal.  The  number  of 
averages  was  768. 
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was  significantly  less  than  that  obtained  with  the  whole  body 
magnet  where  800+  is  possible.  Varying  the  gradient  strength  and 
timing  of  the  gradients  showed  little  improvement.  Experience  with 
the  whole  body  magnet  indicates  that  a  broad  water  peak  is 
difficult  to  suppress  even  with  increase  in  the  bandwidth  of  the 
suppression  pulse.  Too  wide  a  band  width  results  in  attenuation  of 
the  Cho  and  Cr  peaks . 
Mouse  tumor  imaging 

Use  of  the  T2-weighted  image  improved  the  contrast  slightly 
between  the  tumor  and  muscle  over  the  Tl  weighted  sequence  but 
took  over  5  min.  to  perform  (Figures  4-5a,b) .  Injection  of  the 
mice  with  Gadolinium-DTPA  resulted  in  improved  tumor/muscle 
boundary  delineation  on  Tl  weighted  images.  Figures  4-6a,b  shew  a 
tumor  pre-  and  post-gadolinium  enhancement.  Peak  enhancement  of 
the  tumor  occurred  about  30-45  min  after  injection,  unlike  in 
humans  were  5-10  min  is  usual.  This  difference  may  be  related  to 
decrease  in  blood  flow  to  the  tumors  during  anesthesia  of  the  mice 
(240).  One  potential  problem  using  Gd-DTPA  is  broadening  of  the 
spectral  peaks  from  enhanced  T2*  relaxation  (241).  In  addition,  the 
30  min  delay  required  for  the  tumor  to  enhance  maximally  is  too 
long  to  be  practical. 
Soectroscoov  metabolite  results 

Of  the  nine  mice  that  were  done,  five  of  them  resulted  in 
spectra  adequate  for  fitting.  In  one  of  these  mice,  normal  muscle 
was  done  instead  of  the  tumor.  The  results  are  summarized  in  Table 
4-1. 
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a) 


b) 


Figure  4-5   Tl  and  T2  weighted  images  of  tumor  in  mouse. 

a)  Tl-weighted  SE  image  (TR:  0.5  sec,  TE:  30  ms). 

b)  T2-weighted  SE  image  (TR:  2  sec,  TE:  80  ms) .  The 
tumor  is  grey  in  shade  with  an  arrow  pointing  to  the 
tumor/muscle  interface.  The  white  areas  around  the 
tumor  are  subcutaneous  fat. 
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a) 


b) 


Figure  4-6   Tl-weighted  images,  pre  and  post  Gd-DTPA  enhancement, 
a)  Pre  contrast  image,  b)  Post  contrast  image.  Note 
improved  delineation  of  tumor/muscle  boundary  (arrows) 
on  post  contrast  image.  The  skin  is  seen  as  a  thin  rim 
of  light  grey  between  the  bright  subcutaneous  fat  and 
the  black  air.  Along  the  far  right  side  of  the 
tumor/muscle  interface  in  the  postcontrast  image,  there 
is  evidence  of  muscle  invasion  by  the  tumor,  not 
appreciated  on  the  precontrast  image. 
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Table  4-1 
Mouse  Metabolite  Results  Normalized  to  Unsuppressed  Water  Signal 


Tissue 

Norm  Tau 

Norm  Cho 

Norm  Cr 

Cho/Cr 

Sequence 

Tumor 

79.0 

624 

171 

3.65 

PRESS 

Tumor 

334 

444 

99.9 

4.44 

PRESS 

Tumor 

198 

1001 

631 

1.59 

STEAM 

Tumor 

275 

442 

133 

3.32 

STEAM 

Muscle 

689 

729 

733 

0.99 

STEAM 

As  can  be  seen,  the  Cho/Cr  ratio  is  elevated  as  has  been 
reported  in  other  tumors.  Use  of  the  4.7  T  system  with  improved 
spectral  dispersion,  and  implementation  of  STEAM  and  PRESS 
localization  techniques  should  prove  very  useful  in  doing 
additional  H-l  studies  in  mice,  looking  at  the  effects  of 
chemotherapy . 

Human  Studv 


Materials  and  Methods 

Phantom  and  volunteer  experiments 

Various  phantoms  were  constructed  and  used  in  the  GE  whcle 
body  imager  to  evaluate  and  practice  shimming,  localization,  and 
water  suppression  techniques.  Phantoms  included  water  with  and 
without  doping  as  well  as  solutions  of  Cho,  Cr,  Lac,  Glu,  and 
anserine.  All  water  suppression,  localization,  editing  and 
quantitation  techniques  were  first  implemented  on  phantoms.  Seven 
volunteers  were  used  in  development  of  the  H-l  MRS  technique. 
Water  suppression  development 

Initially  a  single  CHESS  pulse,  for  water  suppression  prior 
to  the  localization  sequence  (STEAM  or  PRESS),  was  used.  Later  two 
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CHESS  pulses  were  used.  Addition  of  a  saturation  pulse  between  the 
second  and  the  third  localization  RF  pulses,  in  addition  to  the 
two  presaturation  pulses,  was  also  tried.  Later,  three 
presaturation  pulses  were  made  available  on  the  whole-body 
spectrometer.  This  is  what  was  used  for  all  tumor  patients. 
Lactate  editing 

Using  a  zero  quantum  editing  technique  with  STEAM 
localization  (106),  and  varying  the  mixing  time,  spectra  can  be 
obtained  with  the  lactate  signal  inverted  and  noninverted.  These 
are  subtracted  resulting  in  preservation  of  the  lactate  signal  and 
elimination  of  fat  and  residual  water  signal.  The  parameter  used 
were:  TR=2  sec,  TE=136  ms ,  and  TM=10.8  ms  and  13.6  ms .  This  was 
demonstrated  in  a  phantom  and  then  in  normal  human  skeletal 
muscle.  It  was  later  tried  in  several  patients. 
Localization  development 

Both  STEAM  and  PRESS  localization  techniques  were  used.  The 
voxels  could  be  placed  in  specific  anatomical  regions,  guided  by  a 
preliminary  MR  image.  Localized  voxel  images  were  obtained 
initially  with  phantoms  and  then  with  volunteers  to  determine  the 
accuracy  of  spatial  localization.  The  presence  of  or  lack  of 
significant  contamination  from  outside  the  voxel  was  shown  by 
comparing  the  signals  from  the  voxel  before  and  after  addition  of 
spatial  presaturation  pulses  around  the  voxel  in  volunteers.  The 
use  of  a  two-compartment  phantom,  one  inside  the  other,  would 
allow  quantitation  of  the  contamination  from  outside  the  voxel. 
This  degree  of  precision  was  thought  not  to  be  necessary  for  our 
purposes.  Linearity  of  signal  with  voxel  size  was  checked  with 
phantoms.  The  uniformity  of  the  signal  (i.e.,  sensitivity  of  the 
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coil)  over  the  volume  of  interest  in  the  extremity  coil  and  in  the 
surface  coils  was  evaluated  by  examining  the  signal  from  both 
images  and  proton  spectra  at  different  locations.  Correction 
factors  from  this  data  were  used  to  adjust  for  sensitivity 
differences  when  comparing  spectra  from  different  positions. 
Metabolite  identification  and  concentration  calibration 

Peak  identification  in  spectra  from  human  volunteer  calf 
muscle  and  in  patients  was  accomplished  by  comparing  to  reference 
phantom  spectra  and  to  spectra  from  the  literature  (35,  216,  221, 
242-244) .  Peaks  corresponding  to  choline,  creatine,  taurine, 
glutamine,  anserine,  and  CH,  and  CH,  lipid  peaks  were  identified 
with  both  the  STEAM  and  PRESS  sequence.  The  peaks  were  fit  with 
Lorentzian  curves  using  the  SA/GE  software  on  a  SPARC  IPC 
workstation  after  zero-filling  to  4096  points,  FFT,  and  zero-order 
phasing.  The  peaks  areas  were  then  normalized  to  the  area  of  the 
unsuppressed  water  peak  corresponding  to  the  same  voxel. 

Absolute  quantitation  is  a  desirable  goal  for  in  vivo 
spectroscopy  but  because  of  the  numerous  variables  that  must  be 
considered  (see  the  chapter  on  Quantitation),  we  chose  to 
normalize  most  of  our  data  to  the  internal  water  content  of  the 
area  of  interest.  In  addition,  we  use  an  external  bottle  of  water 
as  a  standard  to  control  for  instrumental  variations  with  time. 
This  was  done  initially  with  phantoms  and  then  with  volunteers. 
Relaxation  measurements 

Tl  and  T2  times  of  H-l  metabolites  of  interest  (Tau,  Cho,  Cr, 
and  Lipid)  were  estimated  on  the  calf  muscle  of  four  volunteers 
using  the  whole  body  imager.  Tl  times  were  calculated  from  4.5  min 
spectral  acquisitions  obtained  from  partial  saturation  experiments 
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using  the  STEAM  sequence  and  varying  the  TR  time  from  2  sec  to  10 
sec.  With  a  1000  Hz  spectral  width  and  use  of  5-lobed  localization 
RF  pulse,  the  minimum  TR  was  about  1.8  sec.  The  T2  time  was 
calculated  from  spectra  obtained  by  varying  the  TE  time  from  20  to 
272  ms .  Because  of  the  time  consumed  by  these  measurements,  we 
made  a  2-point  measurement  of  Tl  and  T2  in  a  single  patient  (C.P.) 
only. 
Shimming 

Whole  volume  shimming  with  a  hard  pulse  was  initially  used  in 
phantoms,  but  was  inadequate  in  volunteers  and  patients.  A  slice 
selective  technique  was  used  then  to  shim  a  2-D  slice  containing 
the  voxel  of  interest.  This  was  successful  in  most  volunteers  but 
not  in  patients.  A  voxel  selective  technique  was  used  then  where 
only  the  voxel  of  interest  was  shimmed.  This  gave  good  results  in 
patients.  Recenr.lv,  an  autoshimming  technique  has  been  implemented 
on  the  whole-body  spectrometer  with  mixed  results . 
Tumor  patient  experiments 

We  initially  planned  to  evaluate  only  osteosarcoma  patients, 
however  because  of  the  paucity  of  osteosarcoma  patients,  we  chose 
to  examine  other  musculoskeletal  tumors  as  well.  We  examinee 
eleven  patients  and  twelve  tumors.  One  patient  had  both  a  benign 
and  a  malignant  neurofibroma  on  a  leg  and  we  examined  both  of 
them.  This  was  a  fortunate  case,  as  it  is  rare  for  a  patient  to 
have  both  a  benign  and  malignant  tumor  of  the  same  basic  cell 
type.  Table  4-2  summarizes  the  patients  and  tumors  that  we 
examined . 
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Table  4-2 
Summary  of  Tumor  Patients 


Patient 
Initials 

Age/race/sex: 

Tumor  Type  and  Location 

C.P. 

73 

y/o 

w 

F 

Malignant  Fibrous  Histiocytoma,  Grade 
IV;  Left  Thigh 

I.H. 

80 

y/o 

w 

M 

Malignant  Myoid  fibrous  Histiocytoma, 
Grade  II/IV;  Right  Thigh 

G.H. 

56 

y/o 

w 

F 

High  Grade  Pleomorphic  Sarcoma;  Left 
Thigh 

E.V. 

9  9 

y/o 

H 

M 

High  Grade  Malignant 
Hemangiopericytoma;  Left  Neck 

L.D. 

10 

y/o 

A 

M 

Ewing's  Sarcoma;  Left  Distal  Femur 

G.R. 

12 

y/o 

H 

M 

Benign  Aneurysmal  Bone  Cyst;  Left 
Proximal  Femur 

J.K. 

27 

y/o 

w 

F 

Osteoblastic  Osteosarcoma,  Grade  IV; 
Left  Distal  Femur 

M .  C . 

40 

y/o 

w 

F 

Neurofibrosarcoma  and  3enign 
Neurofibroma;  Right  Proximal  Leg  and 

Right  Distal  Thigh 

R.M. 

->  2 

y/o 

B 

TT 

Parosteal  Osteosarcoma,  Grace  II/IV; 
Right  Distal  Femur 

L.W. 

73 

y/o 

B 

F 

Mesenchymal  Chondrosarcoma;  Left  Calf 

CM 

13 

y/o 

W 

M 

Osteoblastic  Osteosarcoma,  Grade  IV; 
Right  Distal  Femur 

1Abbreviations :  W-white;  H-Hispanic;  A-Asian;  B-Black;  F-Female, 
M-Male. 


Our  patients  were  referred  to  us  primarily  by  Drs .  Mark 
Scarborough  and  Tom  Nelson,  Orthopedic  Surgeons  at  Shands 
Hospital.  IRB  approval  for  this  project  was  obtained  and  each 
patient  provided  written  informed  consent  after  being  informed  of 
the  purpose  of  the  study,  any  value  to  them,  the  voluntary  nature 
of  the  study,  and  the  possible  risks  involved  (See  Appendix  C) .  In 
addition,  each  patient  was  screened  for  relative  and  absolute 
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contraindications  to  MRI  including  claustrophobia,  implanted 
medical  devices,  metallic  foreign  bodies,  and  pregnancy. 

The  spectroscopy  was  performed  on  the  Shands  Hospital  General 
Electric  1.5  T  whole  body  imager/spectrometer  in  all  cases.  The 
entire  exam  took  approximately  1-1.25  hours.  The  paired-saddle 
extremity  coil,  a  five  or  seven  inch  surface  coil,  or  the  body 
coil  were  used  to  image  and  obtain  spectra  from  the  tumors, 
depending  on  the  location  of  the  tumor.  A  small  bottle  of 
distilled  water  was  positioned  alongside  the  tumor  for  use  as  an 
external  concentration  standard.  A  multislice,  dual  echo,  T2 
weighted  imaging  sequence  in  the  axial  plane  was  performed  to 
localize  the  tumor  for  spectroscopy  voxel  placement  and  to  use  as 
a  reference  for  water  content  of  the  tumor,  compared  to  the 
external  standard  as  described  in  reference  number  125. 

After  imaging,  an  appropriate  slice  location  was  chosen, 
maximizing  the  tumor  cross-section.  The  spectroscopy  voxel  was 
then  graphically  prescribed  over  the  area  of  interest  in  the 
tumor.  First  order  shimming  on  the  water  peak  was  then  performed 
using  the  gradient  coils,  either  entirely  manually,  or  later  in 
the  study,  with  autoshimming  followed  by  manual  fine  tuning.  An 
unsuppressed,  two  average  water  spectrum  was  then  acquired  after 
four  "dummy"  RF  pulses  to  equilibrate  the  Tl  effects  on  the 
spectrum.  The  three  presaturation  RF  pulses  and  dephasing 
gradients  were  then  turned  on  and  the  RF  power  to  the  third  RF 
pulse  adjusted  for  maximum  water  suppression  (see  parameters  in 
Appendix  F) .  Suppressed  spectra  were  then  acquired  with  either  two 
averages  from  a  2-D  phase-encoded  STEAM  or  PRESS  defined  voxel  of 
dimensions  determined  by  the  size  of  the  tumor  (generally  4-6  cm 
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on  a  side)  or  with  128-256  averages  for  a  single  voxel.  The  2-D 
phase  encoding  had  16  steps  in  each  dimension  with  an  effective 
voxel  size  of  2  cm  on  each  side.  As  a  result,  four  to  nine  spectra 
would  be  obtained  from  the  tumor  in  one  acquisition.  The  voxel 
volumes  for  spectra  acquired  without  phase  encoding  ranged  from 
3.9  cc  to  18  cc    depending  on  the  size  and  shape  of  the  tumor  and 
area  of  interest. 

We  used  a  single  voxel  (-8  cc)    STEAM  technique  with  a  TE=30 
and  136  ms  on  our  first  patient  (See  Appendix  F  for  additional 
parameters).  We  found  considerable  spectral  heterogeneity  in  the 
tumor  in  different  locations.  We  then  implemented  a  two 
dimensional  phase  encoding  of  a  larger  STEAM  voxel  (-4-6  cm  on  a 
side,  2  cm  deep)  to  obtain  spectra  from  several  areas 
simultaneously.  This  resulted  in  worsening  of  the  line  width  of 
the  spectral  peaks .       • 

A  large  lipid  signal  was  found  in  some  tumors,  which  tended 
to  obscure  other  metabolites  of  interest  at  short  echo  times  ;f 
20-30  ms .  Taking  advantage  of  the  snori  T2  zz    lipids,  we  shose  tc 
use  a  long  TE  of  80-140  ms  to  decrease  the  relative  contribution 
of  the  lipid  signal  to  the  spectrum.  We  did  net  want  to  eliminate 
the  lipid  signals  completely  as  in  vitro  studies  have  shown 
abnormalities  in  the  lipid  signals  from  tumors  (245).  The 
amplitude  of  the  lipid  signal  was  frequently  1/10  to  1/100  of  the 
water  signal,  even  at  a  TE=136  ms .  The  lactate  concentration  in  a 
variety  of  tumors  implanted  in  mice  has  been  reported  to  be 
6.4±0.9  mM  (200).  The  lipid  signal  would  therefore  one  hundred 
times  greater  than  that  of  the  lactate  signal,  in  some  cases.  A 
very  effective  editing  technique  would  be  necessary  to  detect  the 
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lactate  unequivocally.  To  recover  most  of  the  signal  lost  by  using 
a  longer  TE,  we  started  using  a  PRESS  (Point  Resolved 
Spectroscopy)  sequence  that  collect  the  entire  signal  (65,  66). 
The  metabolites  of  interest  such  as  Cho,  Cr,  Tau,  and  Lac  have 
relatively  long  T2  relaxation  times  (69-71). 

The  PRESS  sequence  gave  us  adequate  signal  in  a  reasonable 
time  and  could  be  used  with  2-D  phase  encoding.  Poor  line  width  of 
the  peaks  continued  to  be  a  problem  in  some  cases;  therefore,  the 
use  of  multiple  acquisitions  of  single  voxels  using  the  PRESS 
sequence  was  implemented.  In  at  least  half  of  the  studies  in  which 
multiple  single  voxels  were  acquired,  shimming  had  to  be  performed 
on  each  voxel . 
Analysis  of  data 

Spectra  were  transferred  to  the  SPARC  workstation  and 
analyzed  in  an  identical  fashion  to  the  volunteer  spectra 
described  above.  Statistical  analysis  was  performed  on  a  personal 
computer  with  either  Execustat  (PWS-KENT  Publishing  Company)  or 
Statistica  (Statsoft,  Tulsa,  OK)  software  using  two  tailed 
Student's  t-test  and  paired  t-test.  Spectra  were  compared 
qualitatively  to  the  corresponding  MRI  images  and  to  pathological 
and  histological  specimens. 
Results  and  Discussion 
Shimming 

We  routinely  obtained  a  water  line  width  of  2-7  Hz  on 
phantoms  and  8-13  Hz  with  human  skeletal  muscle  with  the  voxel 
shimming  technique.  The  malignant  tumor  spectra  had  a  wider  range 
of  line  widths,  6-15+  Hz.  The  two  benign  tumors  had  line  widths  of 
7.8  Hz  each.  It  is  interesting  that  the  patient  with  both  a  benign 
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and  malignant  tumor  of  the  same  cell  type  (neurofibroma  and 
neurofibrosarcoma)  had  a  line  width  of  7.8  Hz  for  the  benign  tumor 
and  15  Hz  for  the  malignant  tumor.  The  lesions  were  only  about  15 
cm  apart  and  shimmed  separately.  The  wider  range  and  larger  values 
of  line  width  for  the  malignant  tumors  are  probably  because  of  the 
heterogeneity  of  the  tumors. 
Water  suppression 

One,  and  then  two,  CHESS  pulses  for  water  suppression 
resulted  in  70-fold  to  100-fold  reduction  of  the  water  signal, 
which  was  not  adequate.  Addition  of  a  saturation  pulse  between  the 
second  and  third  localization  RF  pulses,  resulted  in  undesirable 
distortion  of  the  spectra.  The  use  of  three  saturation  pulses 
prior  to  localization  resulted  in  an  8-10  fold  improvement  of 
suppression  to  300+  now.  Figure  4-7  shows  spectra  from  phantoms 
comtaining  Glutamine/Glutamate,  Creatine/Creatinine,  Taurine,  and 
Choline.  Figure  4-3  shows  a  water  suppressed  spectrum  frcm  a 
normal  volunteer.  This  was  quite  satisfactory. 
Lactate  editing 

The  zero  quantum  editing  technique  with  STEAM  localization 
worked  quite  well  with  phantoms.  Subtraction  of  two  spectra 
obtained  from  phantoms  with  different  mixing  time  resulted  in 
preservation  of  the  lactate  signal  and  elimination  of  the  residual 
water  signal  (Figure  4-9) .  In  normal  human  skeletal  muscle  of 
volunteers,  the  metabolite  peaks,  including  most  of  the  lipid  and 
the  residual  water  signal,  were  removed  with  lactate  editing 
(Figure  4-10) .  This  is  what  we  would  expect  since  normal  resting 
muscle  contained  undetectable  amounts  of  lactate.  The  sequence  was 
then  tried  in  several  tumor  patients.   The  large  lipid  peaks  seen 


Ill 


Glutaaine/GluTaaate 


I    I 


Ik 


Jreat  me/ Creatinine 


Figure  4-7   Spectra  from  phantoms  containing  Glutamine/Glutamate, 
Creatine/Creatinine,  Taurine,  and  Choline. 
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Figure  4-3   H-l  spectrum  from  skeletal  muscle  of  normal  voluncee; 
with  metabolite  oeaks  of  interest  labeled. 
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Figure  4-9   Spectra  from  lactate  phantom.  The  top  two  spectra  were 
obtained  with  different  mixing  times  as  indicated. 
Subtraction  of  two  spectra  resulted  in  preservation  of 
the  Lactate  signal  and  elimination  of  most  of  the 
residual  water  signal  as  seen  in  the  bottom  spectrum. 
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.gure  4-10   Lactate  editing  of  normal  skeletal  muscle.  Note  the 
elimination  of  most  of  the  lipid  and  residual  water 
signal.  No  significant  lactate  is  seen  in  normal 
muscle  spectra. 
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in  the  spectra  from  most  of  the  patients  may  have  been 
incompletely  eliminated,  making  it  impossible  to  definitively 
identify  the  presence  of  lactate  (figure  4-11) .  The  incomplete 
elimination  of  the  lipid  signal  can  be  explained  by  the  up  to  100- 
fold  greater  size  of  the  lipid  peak  when  compared  to  the  expected 
lactate  peak.  Subtraction  of  spectra  obtained  a  few  minutes  apart 
might  be  expected  to  be  less  than  perfect  if  any  variation  in 
transmitter  power,  receiver  sensitivity,  or  patient  position  were 
to  occur.  In  later  patients,  the  sequence  was  discontinued  in 
order  to  obtain  better  signal  with  a  PRESS  sequence  and  to  sample 
more  than  one  area  of  the  tumor. 
Localization 

Localization  with  both  STEAM  and  PRESS  was  accurate  in  terms 
of  correct  location  as  determined  by  imaging  with  these  sequences 
in  phantoms  and  then  in  volunteers.  Figure  4-12a  shows  a  sagittal 
image  of  a  volunteer's  head  with  a  spin  echo  localizing  sequence 
and  Figure  4-12b  shows  a  localized  image  obtained  with  STEAM  from 
the  area  of  the  box  drawn  on  Figure  4a.  Lack  of  significant 
contamination  from  outside  the  voxel  was  confirmed  by  comparing 
spectra  with  and  without  the  addition  of  spatial  saturation  pulses 
around  the  voxel  in  volunteers.  The  signal  from  voxels  of  varying 
size  was  found  to  be  linear  from  about  one  cc   up  to  at  least  27  cc 
(Figure  4-13) .  The  intercept  of  the  regression  line  with  the 
positive  y-axis,  rather  than  the  origin,  can  be  explained  by  the 
approximately  3%  noise  in  the  spectrum  contributing  to  the 
measured  peak  area.  Maps  of  relative  B,  sensitivity  at  various 
locations  in  the  coils  are  in  Appendix  H. 
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Figure  4-11  Lactate  editing  of  malignant  tumor.  Residual  signal 
seen  on  the  difference  spectrum  probably  represents 
both  lactate  and  unsubtracted  lipid. 
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Figure  4-12 


MR  images  showing  graphic  selection  of  spectroscopy 
voxel  using  the  STEAM  sequence. 

a)  Sagittal  spin  echo  image  of  a  volunteer's  brain 
with  desired  voxel  outlined,  b)  Localized  image 
acquired  with  the  STEAM  sequence  from  area  outlined 
on  sagittal  image. 
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Figure  4-13 


Graph  demonstrating  linearity  of  the  water  signal 
with  the  voxel  volume  varying  in  size  from  about 
one  cc  up  to  at  least  27  cc. 
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pH  measurement 

A  buffered  solution  of  anserine  was  examined  at  near 
physiologic  concentration  with  good  success  at  matching  the  pH 
with  that  of  the  buffered  solution.  A  calibration  curve  was  not 
made  because  of  the  lack  of  visible  anserine  signal  in  our  tumor 
spectra.  pH's  measured  from  the  skeletal  muscle  of  four  human 
volunteers  were  slightly  less  than  but  not  significantly  different 
from  those  measured  in  our  laboratory  using  P-31  on  the  same 
volunteers  (H-l  pH:  6.95±0.25,  P-31  pH:  7.07±0.036,  p  =  0.367). 
Metabolite  identification  and  quantitation 

Using  the  extremity  coil,  we  were  successful  in  obtaining 
well-localized  spectra  from  phantoms  containing  choline,  creatine, 
taurine,  glutamine,  and  anserine  in  physiological  concentrations 
using  both  the  STEAM  and  PRESS  sequences  (Figure  4-7) .  In 
addition,  combinations  of  these  chemicals  were  used  in  a  phantom 
to  simulate  the  tumor  spectra  and  to  obtain  relative  peak 
positions  (Figure  4-14) .  Peaks  corresponding  to  choline,  creatine, 
taurine,  glutamine,  anserine,  and  CH:  and  CH2  lipid  peaks  were 
identified  in  volunteers  with  borh  the  STEAM  and  PRESS  sequence 
(Figure  4-8).   Table  4-3  lists  the  peak  positions  in  ppm  (parts 
per  million)  relative  to  TSP  obtained  from  our  phantom  and 
volunteer  data  for  the  various  metabolites  of  interest. 

Use  of  the  internal  water  signal  for  normalization  of  peak 
signals  and  an  external  bottle  of  water  as  a  standard  to  control 
for  instrumental  variations  with  time  showed  reproducibility  of 
<5   in  phantoms  and  <10;;  for  Cho  and  Cr  in  volunteers.  When  using 
the  extremity  coil  and  surface  coils  for  collecting  data,  the 
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figure  4-14   Tumor  spectrum  simulation  with  combination  of  spec 
from  phantoms.  The  tumor  spectrum  is  on  the  top, 
showing  a  large  Cho  peak  in  the  middle.  The 
combination  of  spectra  from  phantoms  is  on  the 
bottom  (20  mM  Cho,  20  mM  Cr,  40  mM  Tau,  20  mM  Giu) 
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Table  4-3 
Peak  Positions  of  Metabolites  of  Interest 


Water 

Glu 

Cr 

Tau 

Cho 

Lipid 

Lactate 

4.71 

3.75 
2.01 
2.34 
2.60 

3.95 
3.04 

3.33 
3  22 

3.20 

1.48 
1.10 

1.33 

spatial  dependence  of  sensitivity  was  corrected  for  by  data 
acquired  with  large  homogeneous  phantoms  (Appendix  H) . 

Tl  and  T2  measurements  obtained  from  four  volunteers  and  one 
patient  are  listed  in  Table  4-4.  A  discrete  Tau  peak  could  only  be 
seen  in  one  volunteer. 


Table  4-4 
Relaxation  Measurements  from  Four  Volunteers  and  One  Patient 


Tau 

Cho 

Cr 

Lipid 

Tl  muscle  (sec: 

3  .  5 

1.32±0.23 

1. 1010.05 

0.608+0 

215 

T2  Muscle  (msec! 

159+93 

112±14 

110143 

3714 

Tl  MFH  (sec) 

1.33 

1.57 

3.27 

0.956 

T2  MFH  (msec) 

185 

421 

100 

53.4 

The  relaxation  times  for  normal  muscle  for  Cho  and  Cr  match 
those  values  in  the  literature  well  (Cho  Tl:  1.1-1. 6s,  T2 :  150-210 
ms;  Cr  Tl:  1.2-1.7  s,  T2 :  120-150  ms  (246)).  I  have  seen  no 
information  on  relaxation  times  for  Tau.  Lipids  (CH;)  have  been 
described  as  having  a  Tl=280-330  ms ,  and  T2=75-100  ms .  Our  values 
are  slightly  higher  than  those. 

The  absolute  molar  concentration  of  Cho  and  Cr  was  calculated 
for  the  skeletal  muscle  of  four  volunteers  based  on  the  method  of 
Alger  et  al .  (125)  as  discussed  in  the  techniques  chapter.  For  Cr 
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a  value  of  41.8±4.44  mM  was  calculated.  This  compares  to  the 
literature  value  of  42.5  mM  (247).  The  calculated  Cho  (which 
include  Tau)  was  14.5±5.4  mM.  The  author  is  unable  to  find  the 
concentration  of  Cho  in  the  literature  for  skeletal  muscle; 
however,  the  sum  of  the  Cho  and  Tau  concentration  for  brain  has 
been  reported  as  2.24  mM,  determined  from  H-l  MRS  of  perchloric 
acid  extracts  (35) .  The  value  of  Cr  in  the  brain,  based  on  this 
reference,  was  9.23  mM.  Clearly,  there  is  probably  a  large 
difference  in  these  concentrations  between  brain  and  muscle. 
Spectroscopy  findings  in  musculoskeletal  tumors 

Using  the  single  voxel  STEAM  technique  on  our  first  patient, 
we  found  considerable  spectral  heterogeneity  in  the  tumor  in 
different  locations  after  therapy  started  (Figure  4-15).  We  then 
implemented  2-D  phase  encoding  of  the  STEAM  voxel  to  obtain 
spectra  from  several  areas  simultaneously.  This  resulted  in  slight 
worsening  of  the  line  width  of  the  spectral  peaks. 

A  significantly  lower  metabolite  signal  was  seen  in  the 
tumors  compared  to  skeletal  muscle,  which  was  surprising.  The 
switch  to  the  PRESS  voxel  localization  technique  gave  additional 
signal . 

The  other  surprising  finding  was  a  large  lipid  signal  in  most 
of  the  tumor  spectra.  Some  soft  tissue  tumors  such  as  liposarcomas 
and  malignant  fibrous  histeocytomas  are  known  to  contain  fat 
(Personal  communication  from  Suzanne  Spanier,  MD,  Pathologist) . 
Most  tumors  do  not  contain  any  macroscopic  fat  deposits.  Increase 
in  mobility  of  membrane  lipids  has  been  suggested  as  a  cause  of 
the  increased  lipid  signal  from  malignant  tumors  (248).  Recently, 
the  MR  visible  lipid  in  viable  tumors  has  been  compared  to  that  in 
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Figure  4-15 


Spectra  from  the  same  tumor  in  different  locations 
showing  the  considerable  spectral  heterogeneity  in 
the  tumor.  The  bottom  spectrum  is  from  viable  tumor 
The  top  spectum  is  from  necrosis.  Note  the  large 
lipid  peak  in  the  necrotic  spectrum. 
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necrotic  tumors.  This  was  done  ex  vivo  using  a  high  resolution 
spectrometer  and  biopsy  specimens  from  human  astrocytomas  (brain 
tumors) .  They  found  a  significant  correlation  between  large 
visible  lipid  signals  and  the  presence  of  necrosis  (249) .  Using  a 
paired  t-test  to  compare  the  lipid  signal  in  tumor  and  necrosis  in 
the  three  subjects  (four  pairs  of  spectra)  that  had  necrosis  in 
this  study,  we  found  the  necrotic  areas  to  have  an  average  of  80% 
more  lipid  signal  than  the  areas  of  viable  tumor.  This  was  not 
statistically  significant  (p=0.10),  probably  because  of  the  small 
number  of  subjects.  Determining  the  minimum  sample  size  to  detect 
a  significant  difference  in  lipid  content  from  the  published 
study,  we  need  six  subjects.  Using  our  data,  the  sample  size  would 
be  12  subjects.  To  reduce  this  signal  we  increased  the  echo  time 
of  the  pulse  sequence  as  described  in  the  Materials  and  Methods 
section.  This  change  was  successful  in  allowing  visualization  of 
the  other  metabolites  of  interest. 

We  evaluated  the  resolvable  lipid  peaks  in  volunteers  and 
were  able  to  identify  CH:,  CH,,  and  ~H=CH  groups.  The  absolute  and 
relative  concentrations  of  these  peaks  varied  greatly  (2-4  fold) 
between  volunteers.  It  also  varied  considerably  within  individual 
volunteers  depending  whether  the  voxel  included  intramuscular  fat 
or  subcutaneous  fat.  I  have  not  seen  an  explanation  for  this 
intraperson  variability  in  the  literature.  The  interperson 
variability  has  been  described  and  explained  by  differences  in  age 
and  athletic  condition  (246) .  Much  of  the  dietary  fat  consumed  is 
deposited  relatively  unchanged  in  the  adipose  tissue  (250)  . 

The  Cho/Cr  ratio  data  are  summarized  in  Table  4-5.  This  table 
includes  mean  and  standard  deviation,  and  also  confidence  interval 
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(CI)  and  p  value  from  a  t-test  comparison  of  each  category  with 
the  malignant  tumors.  There  were  ten  patients  with  malignant 
tumors  examined,  two  benign,  three  necrotic,  and  one  with  edema. 
Two  of  the  three  patients  have  had  surgery  with  histological 
confirmation  of  necrosis.  The  third  (CM.)  has  yet  to  have 
surgery;  however,  increase  in  the  signal  on  the  T2-weighted  MR 
images  and  marked  decrease  in  Cho  and  Cr  are  highly  suggestive  of 
necrosis.  The  single  case  thought  to  represent  edema  had  MR 
findings  of  increased  signal  in  muscle  adjacent  that  were 
suggestive  of  edema.  Pathologic  correlation  is  not  available  for 
this  case. 


Table  4-5 
Summary  of  Cho/Cr  Ratio  Data 


Malignant 

Tumors 

n=10 

Benign 
Tumors 
n=2 

Necrosis 

n=3 

Edema 

n=l 

Muscle 
n=4 

Mean 

4.63 

1.13 

0.  99 

0.90 

Standard 

Dev. 

3.35 

0.57 

0.12 

N/A 

0.28 

CI 

N/A 

(0.694, 
10.680) 

(0.361, 
10.858) 

N/A 

(1.05, 
11.08) 

p  value 

N/A 

0.0332 

0.0309 

N/A 

0.0232 

The  viable  tissue  in  malignant  tumors  that  we  examined  showed 
a  statistically  significant  elevation  of  the  Cho/Cr  ratio  when 
compared  to  normal  muscle,  as  we  expected.  We  also  see  significant 
differences  in  the  Cho/Cr  ratio  between  viable  malignant  tissue 
and  necrosis,  and  benign  tumors.  With  only  one  subject  having 
edema,  we  are  unable  to  obtain  statistical  significance  comparing 
malignant  tumor  with  edema. 
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Figure  4-16  shows  a  ROC  curve  for  the  accuracy  of  the  Cho/Cr 
ratio  in  distinguishing  malignant  from  benign  tissue.  The  area 
under  the  curve  was  estimated  to  be  0 . 9727±0 . 0269 .  Using  a  Cho/Cr 
threshold  of  1.56,  the  sensitivity  for  detecting  a  malignancy 
would  be  92.5%,  the  specificity  would  be  93.7%.  Since  we  would 
rather  over  diagnose  malignancy  rather  than  miss  a  malignancy,  we 
could  lower  the  Cho/Cr  threshold  to  1.25  and  obtain  a  sensitivity 
of  99.3%  with  a  specificity  of  79.4%.  If  we  were  to  compare 
malignant  tumors  with  only  benign  tumors,  the  results  may  not  be 
as  good  as  these.  With  only  two  benign  tumors,  we  cannot  make  any 
judgements . 

Also  noted  was  elevation  in  the  taurine  signal  in  some  tumors 
when  compared  to  skeletal  muscle.  This  type  of  elevation  has  been 
reported  in  radiation  induced  fibrosarcomas  in  mice  examined  by 
using  extracts  and  recently  in  vivo  at  11.75  T  (58).  One  taurine 
peak  (3.22  ppm)  is  indistinguishable  from  the  Cho  peak  at  3.20 
ppm,  and  in  several  of  our  patients  we  could  not  separate  reliably 
the  second  Tau  peak  (3.33  PPM)  from  Cho.  In  areas  of  necrosis  seen 
on  MRI  and  post  surgical  histology,  we  saw  marked  reduction  in  the 
signal  from  Cr,  Cho  and  Tau  when  compared  to  viable  tumor.  The 
Cho/Cr  ratio  was  variable  in  necrotic  areas.  The  peaks  are  not 
even  resolved  in  some  necrotic  areas . 

The  patient  thought  to  have  edematous  muscle  had  a  spectrum 
from  this  tissue  showing  the  Cho/Cr  ratio,  and  normalized  Cho  and 
Cr  levels  to  be  similar  to  those  in  normal  volunteers. 

The  total  per  cent  change  (decrease)  in  the  Cho/Cr  ratio  and 
also  the  per  cent  change  per  day  from  start  of  treatment  to  follow 
up  is  shown  in  Table  4-6  from  the  four  malignant  tumors  that  had 
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true  positive  rate 


0       0.1      0.2     0.3     0.4     0.5     0.5      0.7     0.3      0.9 
false  positive  rate 


Figure    4-16      RCC   curve    for   the   accuracy  of    the   Cho/Cr    rat:o    in 

distinguishing   malignant    from   benign    tissue.    The    area 
under    the   curve   was    estimated    to    be    0 . 9560±0 . 0519 . 
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repeat  measurements .  The  per  cent  cnange  per  day  for  the  four 
tumors  with  followup  was  statistically  different  from  zero 
(p=0.0142,  CI:  (0.163,8.38)).  The  other  seven  patients  did  not 
have  followup  studies  for  several  reasons.  One  refused  further 
studies;  one  patient  had  his  HMO  send  him  to  Atlanta  for  treatment 
and  followup;  one  patient  had  only  a  benign  lesion,  requiring  no 
followup;  two  had  immediate  surgery;  and  two  patients  were  not 
referred  to  us  on  their  followup  visits. 


Table  4-6 
Per  Cent  Change  (decrease)  in  the  Cho/Cr  Ratio 
in  Tumors  with  Follow  up 


Patient 

C.P. 

L.D. 

CM. 

L  .  W .  - 

Total  %  Change 

65 

29.7 

37.7 

66 

Daily  %  Change 

^  .  32 

0.33 

4  . 2 

2.36 

Number  of  Days 

n  q 

36 

2  1 

2  3 

■These  results  are  rrom  the  first  month  only.  Af 


:hi; 
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the  tumor  stopped  responding  to  treatment  ana  started  to  grow 
larger  (see  Figure  4-19c) . 


Figures  4-17  a-d  show  actual  spectra  from  these  tumor 
patients.  Figures  4-18  a-d  show  graphs  of  individual  turner  changes 
in  Cho/Cr  and  volume.  The  imaging  data  from  one  patient  (C.P., 
Figure  4-18a)  was  incomplete,  so  accurate  volume  measurements 
could  not  be  made.  One  patient  (L.D.,  Figure  4-18b)  was  judged 
clinically  to  have  an  incomplete  response  to  chemotherapy  and 
radiation  therapy  and  is  undergoing  a  bone  marrow  transplantation. 
Excluding  the  data  from  L.D.,  which  was  obtained  before 
transplantation,  we  have  greater  statistical  significance 
(p=0.0061,  CI:  (1.44,2.90)).  Another  patient,  L.W.,  had  an  initial 
response  based  on  change  in  tumor  size  and  Cho/Cr  ratio.  Later, 
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Spectra  from  three  of  the  cumors  with  followup. 
a)  Chondrosarcoma.  (L.W.)  None  the  initial 
decrease  in  size  of  the  Cho  peak  followed  by  an 
increase . 
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Figure  4-17 — continued 

b)  Osteosarcoma.  Note  the  slight  decrease  in  the  Cho 
peak  after  three  days  of  chemotherapy.  At  three  weeks 
and  six  weeks,  the  Cho  signal  has  disappeared. 
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Figure  4-17 — continued 

c)  Spectra  from  patient  with  MFH.  The  bottom  spectrum 
is  preradiation  therapy;  the  middle  spectrum  is  after 
four  weeks  of  radiation  therapy;  the  top  spectrum  is 
after  eight  weeks  of  radiation  therapy.  Note  that  the 
initially  large  Cho  peak  (arrow)  dissappears  by  eight 
weeks . 
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Figure  4-18 


Graphs  of  the  change  in  the  Cho/Cr  ratio  for  four 
patients  and  volume  of  tumor  for  three  patients 
with  follow  up. 

a)  Patient  L.W.,  Chondrosarcoma;   b)  Patient  CM., 
Osteosarcoma . 
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Figure  4-18 — continued 

c)  Patient  C.P.,  Malignant  fibrous  histiocytoma; 

d)  Patient  L.D.,  Ewing's  Sarcoma. 
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the  tumor  stopped  responding  anc  3tarted  to  grow  again  (Figure  4- 
18c).  The  per  cent  change  in  the  3ho/Cr  ratio  for  L.W.,  shown  in 
Table  4-6  is  only  for  the  perio"  «nen  the  tumor  was  decreasing  in 
size.  All  patients  started  their  ~nerapy  within  one  week  of  the 
initial  MRS  study.  Figure  4-19  3".:vs  the  average  change  with 
treatment  of  the  normalized  Tau,  :ho,  and  Cr  separately. 
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Figure  4-19 


Graph  showing  the  change  of  the  normalized  H-l 
metabolites  in  the  four  tumor  patients  with  follow 
up  post  therapy.  The  concentration  units  are 
arbitrary. 


CHAPTER  5 

PHOSPHORUS  SPECTROSCOPY  OF  SKELETAL  MUSCLE  IN 

PERIPHERAL  VASCULAR  DISEASE  AND  CONGESTIVE  HEART  FAILURE 


P-31  MRS  Monitoring  of  Low  Intensity,  Pain  Free  Exercise 

Therapy  for  Individuals  with  Intermittent  Claudication 

due  to  Peripheral  Vascular  Disease 


Introduction  and  Review  of  the  Literature 

The  primary  complaint  of  most  peripheral  vascular  disease 
(PVD)  patients  is  intermittent  claudication  (IC) ,  which  is  defined 
as  severe  pain  in  the  leg  muscles  during  walking,  which  subsides 
with  rest.  The  pain  is  a  result  of  decreased  blood  flow  to  the 
exercising  muscle,  frequently  related  to  atherosclerotic  disease. 
PVD  usually  occurs  in  patients  with  a  history  of  smoking  and  is 
more  severe  in  diabetic  patients.  Arteriosclerotic  disease  related 
to  smoking  usually  involves  the  large  vessels  while  diabetes 
usually  involves  smaller  vessels  that  are  less  amenable  to 
surgical  or  radiological  intervention.  Urgent  operative 
intervention  is  required  within  4-7  years  in  about  25-  of  IC 
patients.  The  rate  of  amputation  for  these  surgical  patients 
ranges  from  4^  to  8%  (251) .  The  five-year  mortality  rate  for  IC 
patients  is  about  30%,  primarily  from  cardiovascular  disease 

(251) .  Therefore,  therapies  that  can  prevent  or  delay  these 
surgical  procedures  and  reduce  the  mortality  rate  are  very 

important . 
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A  continuous,  pain-free,  low  intensity  (LI)  training  program, 
where  training  was  individually  prescribed  just  below  the  pain 
threshold,  was  introduced  by  Stopka  (nee  Boyd)  in  1984  but  has 
received  little  attention  (44).  High  intensity  training  has  been 
the  suggested  treatment  for  IC  patients.  The  patient  is  told  to 
exercise  beyond  the  pain  threshold  until  they  can  no  longer 
tolerate  the  pain.  Improvements  in  functional  walking  ability  with 
LI  training  for  10  weeks  were  comparable  to  published  results  from 
training  at  high  intensity  for  3-8  months  (252-254)  .  LI  exercise 
was  chosen  not  only  to  encourage  patient  motivation  and  discourage 
attrition,  but  also  because  endurance  training  (in  normals) 
produces  improvements  in  aerobic  (oxidative)  metabolism.  LI 
training  has  been  shown  recently  in  normal  elderly  patients 
(without  IC)  to  be  as  effective  as  high  intensity  training  in 
improving  exercise  tolerance  (255) .  Anaerobic  metabolism  is  used 
extensively  by  PVD  patients  during  exercise  and  may  be  related  to 
the  development  of  their  claudication  pain.  Therefore  improving 
their  aerobic  metabolism  is  expected  to  result  in  less  reliance  on 
anaerobic  metabolism  and  less  pain. 

The  cause  of  the  improvement  seen  in  IC  patients  with 
exercise  training  is  uncertain.  Possibilities  include  altered 
walking  techniques,  adaptations  in  pain  tolerance,  improvement  of 
blood  flow  to  or  within  the  muscle,  improved  oxygen  extraction 
from  the  blood  into  the  cells,  decreased  viscosity  of  the  blood, 
and  increased  or  more  efficient  use  of  oxygen  by  the  mitochondria 
(256) .  The  relationship  between  large  vessel  blood  flow  and  the 
severity  of  IC  has  not  been  found  to  correlate  well  (257)  . 
Improvement  in  maximum  blood  flow  to  the  calf  with  training  has 
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been  shown  to  increase  by  some  authors  (258)  and  remain  unchanged 
by  others  (259) ,  even  with  two-fold  increases  in  walking  distance 
(252).  One  explanation  of  these  discrepancies  is  that  local  muscle 
blood  flow  does  not  necessarily  correlate  with  flow  in  the  larger 
vessels  (45).  Stopka's  study  showed  about  23%  improvement  in  a 
subgroup  of  her  patient  population  that  excluded  one  patient  that 
only  participated  61%  of  the  time.  She  used  a  xenon  washout 
technique  that  correlates  with  muscle  blood  flow  and  capillary 
permeability  (260) .  If  all  patients  are  included,  the  difference 
in  perfusion  is  still  20%  though  this  is  not  statistically 
significant  probably  due  to  the  small  number  of  patients  used. 
Sample  size  determination,  using  the  method  outlined  in  Appendix  A 
and  Stopka's  original  data  on  all  of  her  subjects,  suggests  that 
about  30  subjects  would  be  necessary  for  statistical  significance. 
Studies  of  endurance-trained  rats  show  an  increase  in  the 
capillary  density  after  training  (261).  Increase  in  regional  blood 
flow  to  individual  muscle  involved  with  exercise  training  has  been 
shown  in  rats  (261) .  High  intensity  training  results  in  an 
increase  in  blood  flow  to  muscles  containing  a  large  proportion  of 
fast,  glycolytic  fibers.  These  same  fibers  acquire  increased 
potential  for  oxidative  metabolism.  When  moderate  intensity 
training  is  used,  increase  in  blood  flow  and  oxidative  enzymes  is 
seen  in  slow-twitch,  oxidative  fibers.  Thus,  exercise  training  of 
different  intensities  produce  changes  in  the  vascular  beds  and 
fibers  of  the  muscles  that  have  the  greatest  relative  increase  in 
activity  during  the  training  sessions  (261) .  An  increase  in 
oxidative  mitochondrial  enzyme  activity  with  endurance  training 
has  been  seen  in  humans  (262-264)  and  animals  (259) .  Increase  in 
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oxidative  enzymes  as  a  result  of  PVD  has  been  shown  in  humans 

(265,  266)  without  training.  Training  of  rats  with  surgically 
reduced  blood  flow  (267,  268)  and  humans  with  mechanically  reduced 
blood  flow  to  an  extremity  (269)  has  shown  increased  oxidative 
mitochondrial  enzymes  in  skeletal  muscle.  Evidence  of  increased 
ability  to  extract  0:  has  been  demonstrated  in  perfused  rat  muscle 
that  has  previously  become  trained  under  conditions  of  reduced 
blood  flow  (263)  and  in  human  claudicants  after  training  (270). 
This  improved  extraction  of  0-  in  PVD  patients  is  in  addition  to 
the  approximately  25%  increase  in  0~  extraction  seen  in  PVD 
patients  prior  to  exercise  training  (271)  . 

Metabolic  differences  in  skeletal  muscle  between  normal 
subjects  and  IC  patients  include  the  following  (45,  46,  272) :  (1) 
IC  patients  show  a  greater  depletion  in  PCr  and  greater  fall  in  pH 
during  exercise  and  a  slower  recovery  of  PCr  and  pH  after 
exercise.  (2)  A  slower  rate  of  recovery  of   ADP  is  seen  after 
exercise  in  IC  patients.  Oxidative  mitochondrial  activity  is 
tightly  controlled  by  ADP  except  at  very  low  levels  of  PCr  [273, 
274) .  The  maximum  ADP  recovery  rate  is  therefore  an  indication  of 
maximum  oxidative  mitochondrial  function  (247). 

Objective 

Our  aim  was  to  monitor  IC  patients'  calf  muscle  with  P-31  NMR 
spectroscopy  before  and  after  the  course  of  LI  exercise  training. 
By  looking  at  recovery  rates  of  PCr,  Pi,  pH,  and  phosphorylated 
sugars,  we  hoped  to  gain  a  better  understanding  of  the  mechanism 
of  improvement  of  exercise  performance  in  IC  patients.  It  was 
hypothesized  that  improvements  in  recovery  rates  of  PCr,  Pi,  pH 
and  phosphorylated  sugars  would  be  seen. 
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Materials  and  Methods 
Patient  population 

Two  groups  of  patients  were  trained  and  evaluated, 
approximately  one  year  apart  from  each  other.  Both  groups 
consisted  of  nine  patients  each.  The  age  of  the  patients  was  63±S 
years  (range:  46-75)  .  The  nonspectroscopy  data  and  results  of  the 
first  nine  patients  have  been  previously  described  in  the  master's 
thesis  by  Lori  K.  Marburger  (256) .  The  spectra  obtained  at  that 
time  have  been  re-fitted  and  re-analyzed  in  combination  with  the 
spectral  data  obtained  from  the  second  batch  of  patients.  The 
criteria  for  patient  selection  were  the  presence  of  IC  and  an 
ankle-brachiai  index  (ABI)  <  0.3.  The  normal  ABI  is  1.0  and  severe 
PVD  patients  may  have  an  ABI  <  0.5  (275)  .  The  patients  were 
referred  from  Gainesville  vascular  surgeons.  Five  age-matched, 
healthy  control  volunteers  were  evaluated  with  P-31  MRS  but  did 
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?he  patients  were  exercised  three  times  a  week  for  10  weeks. 
Each  exercise  session  began  with  10  minutes  of  stretching  and 
light  calisthenics  to  prepare  the  body  for  aerobic  exercise  and  to 
reduce  the  risk  of  injury.  The  aerobic  exercise  consisted  of 
walking  around  the  indoor  track  in  the  Steven  C.  O'Connell  Center 
at  a  rate  that  allowed  continuous  pain-free  walking  for  15-20 
minutes.  Once  the  patients  could  walk  at  a  speed  of  1.5  mph  or 
greater,  they  used  Trackmaster  TM200E  treadmills  (whose  minimum 
speed  is  1.5  mph)  at  the  Center  for  Exercise  Science/Living  Well 
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Program.  The  speed  of  the  treadmill  was  increased  gradually  at  0 . 1 
mph  increments  and  the  duration  of  exercise  was  increased  to  20-60 
min,  maintaining  a  continuous,  pain-free  intensity.  Data  collected 
on  the  treadmills  included  total  distance  walked,  duration,  speed, 
and  pre-  and  post-exercise  heart  rates. 
Noninvasive  blood  flow  testing 

Segmental  doppler  systolic  blood  pressure  measurements  and 
photoplethysmography  (PPG),  in  conjunction  with  toe  systolic  blood 
pressure  measurements,  were  obtained  before  and  immediately  after 
a  graded  exercise  test.  These  measurements  were  performed  both 
before  and  after  the  10-week  training  period.  The  graded  exercise 
test  was  used  for  these  measurements  and  for  the  spectroscopy 
sessions.  The  test  protocol  began  with  a  speed  of  1.5  mph  at  a  0% 
grade  and  was  increased  by  0.5  mph  every  3  min.  The  first  batch  of 
patients  was  instructed  to  continue  until  they  felt  severe 
claudication  pain  or  reached  10  min,  whichever  came  first.  The 
second  batch  was  instructed  to  continue  until  they  felt  severe 
pain,  at  whatever  time.  During  the  first  test  (not  with 
spectroscopy)  the  patients  were  monitored  before  and  after  with 
12-lead  ECG  and  blood  pressure  measurements. 

Segmental  doppler  blood  pressure  measurements  are  obtained  by 
inflating  cuffs  around  the  legs  at  several  locations  from  thigh  to 
ankle  and  measuring  the  maximum  (systolic)  pressures  in  the  cuffs. 
The  maximum  systolic  pressure  is  that  pressure  at  which  blood  flow 
is  stopped,  as  detected  by  continuous  wave  doppler  ultrasound.  A 
drop  in  pressure  between  two  cuff  levels  of  20  mm  Hg  or  more  is 
indicative  of  a  stenosis  or  occlusion  of  the  arteries  (275) .  The 
ABI  is  calculated  as  the  ratio  of  the  systolic  pressure  in  the 
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ankle  over  that  in  the  arm.  This  is  a  standard  method  for 
detecting  and  predicting  the  severity  of  PVD  in  a  patient.  A  drop 
in  the  ABI  post  exercise,  compared  to  pre  exercise  is  another 
indicator  of  significant  PVD. 

PPG  uses  infrared  light  and  a  detector  to  measure  changes  in 
blood  volume  in  the  great  toe  during  the  cardiac  cycle  and  is  used 
to  obtain  systolic  pressures  in  the  toe  when  used  in  conjunction 
with  a  pressure  cuff  (275) .  This  method  of  measuring  pressure  is 
more  accurate  than  ankle  pressures  in  patients  with  stiff, 
calcified  arteries  in  the  ankle  (a  common  occurrence  in  diabetic 
patients ) . 

Ventilatory  measurements  were  also  obtained  during  the  stress 
test  for  noninvasive  blood  flow  measurements.  These  included 
oxygen  consumption  (V0:)  ,  carbon  dioxide  exhalation  (VCO,)  ,  and 
ventilatory  exchange  (liters  per  min) .  Measurements  were  made  from 
expired  air  collected  into  multiple  balloons  at  five  minute 
increments,  throughout  the  stress  test. 
Spectroscopy 

We  obtained  a  P-31  spectrum,  immediately  before  treadmill 
exercise,  and  then  3-4  spectra  consecutively  immediately  after 
treadmill  exercise.  This  allowed  us  to  assess  the  P-31  energy 
status  of  the  resting  muscle  and  the  course  of  recovery  from 
exercise.  Spectra  were  obtained  either  with  a  Siemens  1.5  T  whole 
body  Magnetom  (the  first  batch  of  patients),  or  a  General  Electric 
1.5  T  whole  body  Signa  imaging  spectrometer  (the  second  batch  of 
patients) .  A  home-built,  12  cm  diameter,  half-saddle  RF  coil 
double-tuned  to  H-l  and  P-31  was  used  for  transmitting  and 
receiving.  After  shimming  on  the  water  signal,  unlocalized  P-31 
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spectra  were  obtained  with  TR=2  sec,  128  averages,  2000  data 
points,  and  a  spectral  width  of  2  kHz.  Each  spectrum  required  4.3 
min  to  accumulate.  The  total  examination  time  from  first  spectrum 
to  last  was  about  one  hour. 

The  spectra   were  analyzed  on  a  Sun  3/110  work  station  using 
Fitspec  software  provided  by  SISCO  or  on  a  Sparc  IPC  workstation 
running  GE  SA/GE  software.  Spectra  were  apodized  with  3  Hz  line 
broadening  and  zero  filled  to  8K.  After  FFT,  phasing,  and  sinc- 
deconvolution  correction  of  the  baseline,  the  peaks  were  fit  with 
Lorentzian  curves.  The  pH  was  measured  from  the  chemical  shift 
between  the  Pi  and  PCr  peaks  (1)  using  the  following  form  of  the 
Henderson-Hasselbalch  equation  (247): 

0-3.27 

pi/=6.75.1og10-— — 

5.09-O 

The  values  of  pH  and  the  P-31  metabolite  levels  during 
recovery  were  plotted  against  time  after  cessation  of  exercise  in 
minutes  and  fitted  with  a  monoexponential  curve  to  obtain  a 
recovery  rate.  The  differences  between  the  values  of  the  first  two 
postexercise  acquisitions  was  also  tested.  The  recovery  rates 
pretraining  were  compared  to  those  posttraining  using  a  two-tail 
paired  t-test.  The  duration  of  exercise,  speed,  total  distance  and 
vascular  data  from  both  sets  of  patients  were  analyzed  using 
paired  t-tests  to  test  for  significant  differences  pre-  and 
posttraining . 
Results  and  Discussion 

In  the  first  batch  of  patients,  two  subjects  dropped  out 
because  of  unrelated  problems,  one  an  accident  and  one,  medical 
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problems.  Two  additional  patients  had  spectroscopy  data  lost  by 
the  computer  or  incomplete,  leaving  five  completed  patients.  In 
the  second  batch,  seven  of  the  nine  patients  completed  the  study. 
In  one  of  the  seven  subjects,  some  delayed  spectra  from  the  first 
test  period  were  lost  by  the  computer.  We  therefore  were  able  to 
obtain  pH  and  metabolite  recovery  information  from  a  total  of 
eleven  patients . 
Exercise  results 

After  ten  weeks  of  training,  the  subjects  improved 
significantly  (p<  0.0001)  in  duration,  rate,  and  total  distance 
walked  without  pain.  The  mean  pain-free  training  time  increased 
from  23.3  to  49.1  minutes,  the  mean  pain-free  training  rate 
increased  from  1.2  mph  to  2.1  mph,  and  the  mean  pain-free  training 
distance  increased  from  0.46  miles  to  1.70  miles. 
During  stress  testing,  the  time  to  onset  of  pain  increased  from 
2.09  min  to  6.39  min  (p<0.0001)  and  the  maximum  time  walked 
increased  from  9.01  min.  to  12.52  min.  (p=0.0001).  There  was  a 
trend  toward  significance  in  the  maximum  heart  rate  during  the 
stress  test  (p=0.0589),  increasing  from  an  average  of  70  to  95 
beats  per  min. 
Ankle-brachial  index 

The  ABI,  tested  with  a  paired  t-test,  showed  a  modest  but 
statistically  significant  5.3%  increase  pest  training  (p=0.0222). 
The  mean  and  standard  deviation  of  the  ABI  changed  from  0.57±0.22 
to  0.60±0.23.  The  range  of  the  per  cent  change  of  the  ABI  from 
pre-  to  posttraining  was  fairly  large,  -9.5'  to  67%. 
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Segmental  pressures 

The  segmental  pressures  showed  no  significant  change  in 
pressure  from  pre-  to  posttraining  at  any  of  the  levels  in  the  leg 
including  the  toe  pressures  performed  with  PPG. 
Ventilatory  measurements 

The  V0:,  VCCu,  and  Ventilatory  exchange  showed  no  significant 
change  from  pre  training  to  post  training  at  the  time  of  onset  of 
pain  nor  at  the  time  of  end  of  the  test.  The  ratio  of  VCO-./VO-  did 
increase  significantly.  The  ratio  increased  from  0.789  to  0.368 
(p=0.0025)  at  time  of  onset  of  pain,  and  from  0.984  to  1.057 
(p=0.0097)  at  the  end  of  the  exercise  test.  At  five  minutes,  the 
ratio  was  not  significantly  different  from  pre-  to  posttraining 
(p=0.394) . 

The  VCO;/VO;  ratio  reflects  the  relative  proportion  of  use  of 
glucose  and  fat  as  energy  sources  (276) .  The  breakdown  of  one  mole 
of  glucose  to  CO;  and  water  requires  six  moles  of  oxygen  and 
produces  six  moles  of  CO;  resulting  in  a  VCO:/VO-  ratio  of  one.  The 
breakdown  of  fat  produces  about  seven  moles  of  CO-  for  10  moles  of 
oxygen  consumed  resulting  in  a  VCO-,/VO,  ratio  of  0.7.  The  increase 
in  the  ratio  from  pre  to  post  training,  seen  at  time  of  onset  of 
pain  and  at  the  end  of  the  test,  can  be  explained  by  the  fact  that 
the  patients  exercised  for  both  a  longer  period,  and  at  higher 
intensity.  Low  intensity,  endurance  exercise  is  known  to  favor  the 
use  of  fat  for  energy  and  therefore  a  low  VCO-./VO,  ratio.  High 
intensity  exercise,  as  seen  toward  the  end  of  the  exercise  stress 
test,  favors  the  use  of  glucose  for  energy  and  therefore  a  higher 
ratio  as  we  see  in  our  post  training  testing.  At  a  constant  time 
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(i.e.,  5  rain)  and  therefore  constant  work  load,  the  ratio  would  be 
expected  to  remain  the  same,  as  it  did  in  this  study. 
Spectroscopy 

Figure  5-1  shows  a  set  of  spectra  for  one  of  the  patients 
obtained  pre-  and  postexercise  test.  A  significant  decrease  in  the 
pH  (p=0.0048)  and  increase  in  the  PME  peak  (p=0.0003)  was  seen 
immediately  after  the  exercise  test  in  the  claudication  patients. 
Slight  elevation  of  the  PME  peak  was  seen  in  the  normal  volunteers 
immediately  after  exercise.  After  exercise,  the  elevated  PME  peak 
promptly  returned  to  preexercise  levels  in  the  normal  volunteers, 
with  the  first  post  exercise  spectrum  showing  a  mean  6.3% 
elevation  from  rest  that  was  not  statistically 

significant  (p=0 .  486)  .  The  IC  patients  showed  a  74.1;?  increase  in 
PME  at  the  first  postexercise  spectrum  with  a  prolonged  rate  of 
recovery.  The  aged-matched  normal  volunteers  also  showed  a 
significant  drop  in  pH  at  the  first  post  exercise  spectrum 
(p=0.0034)  and  a  trend  toward  significance  in  the  decrease  of  PCr 
(p=0.0998) .  The  volunteers  had  a  mean  resting  pH  slightly  higher 
than  the  patients  with  a  trend  toward  significance  (p=0.0896)  that 
disappeared  after  training  (p=0.4502).  Accumulation  of 
phosphorylated  sugars  (such  as  fructose  phosphate)  has  been  found 
in  biopsies  of  ischemic  rat  muscle  (277)  and  the  elevation  in  the 
PME  peak  during  exercise  has  been  attributed  to  accumulation  of 
these  phosphorylated  sugars  as  a  result  of  energy  demands 
exceeding  that  provided  by  aerobic  glycolysis  (45).  The  increased 
demand  for  energy  results  in  activation  of  anaerobic  glycolysis 
with  production  of  lactic  acid  in  the  muscle.  The  lactic  acid 
causes  decrease  in  the  pH,  which  when  low  enough,  inhibits  the 
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.gure  5-1   Set  of  spectra  from  one  of  the  exercise  patients,  pr^ 
and  postexercise  test.  The  bottom  spectrum  is 
preexercise,  the  remainder  are  postexercise  in  order 
of  time  posttest. 
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enzyme,  phosphofructose  kinase.  This  enzyme  converts  fructose-6 
phosphate  to  fructose  1, 6-diphosphate .  As  a  result,  fructose-6 
phosphate,  and  its  precursor,  glucose-6  phosphate  accumulate.  The 
enzyme  that  converts  glucose-6  pnosphate  to  fructose-6  phosphate 
is  also  inhibited  by  a  low  pH,  contributing  to  the  accumulation  of 
phosphorylated  sugars  at  low  pH  during  exercise. 

Little  lactic  acid  is  metabolized  in  the  muscle.  The  pyruvate 
kinase  in  muscle,  which  converts  pyruvate  to  lactate  during 
exercise,  favors  conversion  of  pyruvate  to  lactate  rather  than 
lactate  to  pyruvate.  Most  of  the  lactic  acid  diffuses  into  the 
blood  and  is  carried  to  the  liver  where  it  is  metabolized.  The 
decrease  in  the  lactate  and  therefore  the  recovery  of  pH  after 
exercise,  is  dependent  to  the  greatest  degree  on  blood  flow 
removing  the  lactate  from  the  muscle.  Therefore,  an  improvement  in 
the  rate  of  recovery  of  pH  and  PME  might  be  expected  with  improved 
blood  flow  to  the  muscle. 

The  recovery  rates  of  the  PCr  and  Pi  peaks  did  not  change 
significantly  from  pre-  to  posttraining .  In  half  of  the  patients, 
the  PCr  and  Pi  had  recovered  to  within  10%  of  their  resting  values 
during  the  1-1/2  to  3  min.  that  it  took  to  get  the  patient  from 
the  treadmill  to  the  spectrometer.  The  resulting  fitting  of  data 
would  not  be  accurate.  Several  remaining  patients  could  work 
considerably  longer  post  training,  resulting  in  a  larger  decrease 
in  pH  than  before  training.  The  lower  pH  will  delay  the  PCr 
recovery  in  spite  of  improved  oxidative  metabolism.  The  PME  and  pH 
data  from  three  out  of  eleven  of  the  patients  failed  to  fit  well 
with  an  exponential  curve,  either  because  of  rapid  recovery  or 
because  of  statistical  variation.  Eliminating  these  three  resulted 
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in  some  significant  changes  in  the  recovery  rate  of  pH  and  PME; 
however,  this  biases  the  results  toward  the  patients  with  slower 
recovery.  Testing  of  the  difference  between  the  values  from  the 
first  and  second  spectra  postexercise  on  all  subjects  resulted  in 
no  significance  difference  pre-  to  posttraining  in  the  recovery  of 
the  pH  or  any  of  the  metabolites.  Figures  5-2a-d  show  graphs  of 
the  PCr,  Pi,  PME,  and  pH  for  two  of  the  patients  as  a  function  of 
time  after  exercise  ended.  The  values  at  time  zero  corresponc  to 
preexercise  data.  The  top  graph  in  the  figures  corresponds  to  a 
patient  with  moderate  symptoms  of  IC.  The  bottom  graph  corresponds 
to  a  patient  with  severe  symptoms  of  IC.  The  bottom  patient  could 
only  walk  about  10  meters  before  stopping  to  rest.  The  more  severe 
patient  could  achieve  a  higher  Pi  and  a  lower  pH  after  exercise 
training.  The  patient  with  moderate  symptoms  had  a  lower  Pi  and 
higher  pH  after  training  but  was  originally  able  to  change  these 
values  to  a  greater  degree  before  training  than  the  less-fit 
patient.  After  the  course  of  exercise  training  (8-12  weeks), 
immediately  after  exercise,  the  patients'  spectra  tended  to 
respond  more  like  those  of  normal  subjects.  We  plan  to  continue 
these  studies  with  an  in  magnet  ergometer  that  will  allow  us  to 
obtain  data  during  and  immediately  after  exercise. 

Blood  flow  data  from  this  study,  a  high  intensity  exercise 
study  (252),  and  previously  published  data  showing  improvement  in 
xenon  flow  and  washout  after  low  intensity  training  (44)  suggest 
that  at  least  one  component  to  the  improved  endurance  and  aerobic 
capacity  of  our  patients  is  related  to  increase  in  blood  flow  or 
capillary  permeability.  This  may  be  accompanied  by  an  improvement 
in  oxidative  metabolism  (262)  and  an  increase  in  skeletal  muscle 
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Figure  5-2   Metabolite  levels  and  pH  as  a  function  of  time  for  two 
IC  patients,  pre-  and  posttraining .  The  top  is  from  a 
patient  with  moderate  disease,  the  bottom  from  a 
patient  with  severe  disease, 
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mitochondria  enzymes  as  described  by  other  authors  (267,  268). 
Increased  extraction  of  02  from  the  blood  probably  contributes  to 
the  improved  exercise  tolerance.  The  apparent  discrepancy  between 
the  modest  increase  in  blood  flow  and  the  more  marked  increase  in 
exercise  capacity  may  be  explained  as  follows.  In  the  claudication 
patients  at  rest,  a  large  fraction  of  the  maximum  blood  flow  to 
the  leg  (for  example,  an  arbitrary  80%)  is  used  just  for 
maintaining  resting  metabolism.  A  20%  increase  in  the  maximum 
blood  flow  to  the  leg  as  a  result  of  training  would  result  in  an 
increase  of  the  original  20%  discretionary  blood  supply  (that 
could  be  used  for  exercise)  to  40%.  This  would  result  in  doubling 
the  aerobic  capacity  for  exercise.  This  effect  is  further 
magnified  if  the  C-  extraction  efficiency  increases.  Untrained  IC 
patients  compensate  for  compromised  blood  flow  by  increasing  the 
efficiency  of  extraction  of  O-  during  exercise,  as  has  been 
indicated  by  a  greater  arteriovenous  O,  difference  when  compared  to 
normals  (278)  .  Aerobic  glycolysis  is  nine  times  more  efficient  at 
producing  ATP  than  anaerobic  glycolysis  (151)  .  This  would  result 
in  further  magnification  of  the  effect  of  increased  blood  supply 
to  the  leg  after  training. 

Comparison  of  Cellular  Metabolism  in  PVD  Patients,  CHF  Patients, 
Heart  Transplant  Patients  and  Normal  Volunteers  usina  P-31  MRS 

Background 

A  decrease  in  exercise  tolerance  occurs  in  both  PVD  and  CHF 
patients  when  compared  to  age-matched  normal  volunteers  (46,  47, 
49,  251,  252,  279) .  Recent  P-31  NMR  studies  have  separately 
examined  PVD  patients  (45,  46)  and  CHF  patients  (47,  48,  279,  280) 
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and  have  shown  evidence  suggesting  abnormalities  in  oxidative 
metabolism.  No  single  study  that  I  am  aware  of  has  examined  both 
PVD  and  CHF  patients  with  the  same  exercise  protocol.  The  altered 
oxidative  metabolism  may  be  on  a  different  basis  for  these  two 
groups  of  patients.  PVD  patient  with  mild  to  moderate  claudication 
have  been  reported  to  have  an  increase  in  both  glycolytic  and 
oxidative  mitochondrial  enzyme  activity  (266).  PVD  patients  with 
severe  claudication  or  resting  pain  have  been  found  to  have  a 
decrease  in  glycolytic  enzymes  and  increased  oxidative 
mitochondrial  enzyme  activity  (266) .  All  CHF  patients,  on  the 
other  hand,  have  been  found  to  have  a  decrease  in  mitochondrial 
enzyme  activity  (279,  281) .  P-31  MRS  in  both  PVD  and  CHF  patients 
has  shown  no  significant  change  in  metabolite  levels  at  rest  when 
compared  to  normals.  During  exercise,  both  types  of  patients  show 
a  faster  decline  and  lower  level  of  PCr  and  pH  and  a  slower 
recovery  rate  of  the  PCr  and  pH  (45,  48,  49).  Calculated  ADP 
levels  are  also  reported  to  be  higher  during  exercise  and  to 
recover  more  slowly  in  both  sets  of  patients.  The  NMR  changes 
could  not  be  explained  by  alteration  in  blood  flow  to  the 
extremity  in  the  CHF  patients  (47-49) .  There  was  only  a  mild 
correlation  found  between  the  NMR  changes  and  muscle  atrophy 
(280) .  There  is  a  moderate  correlation  between  the  clinical 
severity  of  the  CHF  and  the  degree  of  change  in  the  NMR  spectra  in 
both  humans  (47)  and  in  a  rat  model  (282).  A  statistically 
significant  46%  increase  in  the  percentage  of  the  fast-twitch, 
glycolytic,  type  lib  skeletal  muscle  fibers  of  CHF  patients  was 
reported  (279) .  These  findings  suggest  that  there  is  either 
shunting  of  blood  flow  away  from  active  muscle  to  inactive 
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tissues,  or  intrinsic  alterations  of  skeletal  muscle,  or  both 
(281) .  The  decrease  in  mitochondrial  enzyme  activity  mentioned 
above  and  the  shift  in  muscle  fiber  type  from  oxidative  to 
glycolytic  suggests  that  intrinsic  alteration  of  skeletal  muscle 
exists  in  CHF  patients.  Deconditioning  could  cause  the  intrinsic 
alterations  and  could  explain  the  NMR  changes  though  this  has  not 
been  proven  (281,  282)  .  These  alterations  have  been  seen  in  the 
dominant  arm  of  the  CHF  patients,  an  extremity  that  would  be  used 
regardless  of  how  disabled  a  patient  was  (49) .  These  findings  in 
the  arm  go  against  the  deconditioning  hypothesis.  Finally,  the 
administration  of  carnitine,  has  been  found  in  some  studies  to 
increase  exercise  endurance  in  coronary  artery  disease  (283-285) 
and  PVD  (286)  patients.  Carnitine  carries  long  chain  fatty  acids 
across  the  mitochondrial  membrane  to  be  metabolized  and  has  been 
found  to  be  deficient  in  PVD  patients  in  one  study  (287)  .  These 
findings  hint  to  metabolic  abnormalities  in  PVD  and  CHF  patients. 
Materials  and  Methods 
Population 

Initial  testing  was  performed  on  four  20-40  y/o  volunteers. 
Following  refining  of  the  technique,  three  claudication  patients, 
four  CHF  patients,  four  heart  transplant,  and  four  age-matched 
normal  volunteers  were  studied. 
Spectroscopy 

The  patient  is  placed  in  the  Signa  whole  body  imager  with 
their  foot  resting  against  the  pedal  of  an  in-magnet  ergometer 
constructed  by  Jim  Scott  modeled  along  a  design  from  the 
literature  (288)  .  The  ergometer  is  constructed  of  wood  and  brass 
fasteners  with  a  brass  and  plastic  piston  and  cylinder  connected 
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to  a  nitrogen  gas  tank.  The  pressure  of  the  gas  is  regulated  at 
the  tank  with  a  conventional  regulator.  A  Tl-weighted  multislice 
image  of  the  calf  is  obtained  with  the  body  coil  using  the 
following  parameters:  TR=800  ms,  TE=18  ms,  one  average,  1  cm  slice 
thickness,  20  contiguous  slices.  The  purpose  of  the  image  is  to 
allow  quantitation  of  muscle  volume  and  documentation  of  muscle 
anatomy  in  the  area  of  the  P-31  surface  coil  placed  later.  An 
unsaturated  STEAM  sequence  is  used  to  obtain  a  spectrum  from  the 
medial  gastrocnemius  muscle  after  shimming  on  the  water  peak,  to 
allow  quantitation  of  fat  content  of  the  muscle.  A  home-made  6  cm 
diameter  surface  coil,  double  tuned  to  H-l  and  P-31,  is  then  taped 
over  the  body  of  the  medial  head  of  the  gastrocnemius  muscle.  The 
position  of  the  coil  relative  to  a  bony  landmark,  the  head  of  the 
fibula,  is  documented  for  placement  at  follow  up  studies.  A  small 
vial  of  HCCTP  (1  M  concentration)  is  taped  over  the  center  of  the 
coil  to  use  for  normalizing  data.  The  patient's  maximum  voluntary 
contraction  (MVC)  is  measured  in  terms  of  psi  of  pressure. 

An  initial  64  average  phosphorus  spectrum  is  obtained  at  rest 
with  a  TR=2  sec,  2  kHz  spectral  width,  and  2000  acquisition  points 
for  a  2.1  min  spectrum.  A  series  of  contiguous,  16-average,  32  sec 
spectra  is  started  and  3-4  resting  spectra  are  obtained  prior  to 
the  patient  initiating  work.  Except  for  the  number  of  averages, 
the  acquisition  parameters  were  the  same  as  the  initial  64  average 
spectrum.  The  patient  is  then  asked  to  push  the  pedal  at  a  rate  of 
one  cycle  per  four  seconds  against  a  pressure  equal  to  85^  of 
their  MVC.  We  have  found  in  our  preliminary  results  that  this 
results  in  fatigue  within  4-6  min  in  patients,  and  5-8  min  in 
volunteers.  The  rate  of  pedal  pushing  is  indicated  to  the  patient 
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by  either  a  person  coaching  at  the  scanner  or  with  the  use  of  a 
metronome.  The  patient  is  encouraged  to  exercise  to  fatigue. 
Spectra  are  accumulated  for  another  20  mins.  We  chose  20  min  of 
recovery  as  some  of  our  claudication  patients  discussed  in  a 
previous  section  took  this  long  or  longer  to  recover  their 
baseline  pH.  If  complete  recovery  is  in  question  at  the  end  of  the 
20  min  of  rest,  additional  64  average  spectra  are  obtained. 
Spectral  analysis 

Spectra  were  sent  by  ethernet  to  a  Sparc  IPC  workstation  to 
be  processed  with  GE  SA/GE  software.  Spectra  were  apodized  with  an 
exponential  function  to  obtain  a  line  broadening  of  3  Hz,  zero- 
filled  to  4096  points,  Fast  Fourier  Transformed  (FFT)  and  phased 
with  zero  order  and  first  order  correction.  Mild  baseline 
distortion  because  of  loss  of  the  initial  points  in  the  first  two 
dwell  periods  was  corrected  with  a  sine  deconvolution  method 
(289) .  With  sine  deconvolution,  FIDs  are  generated  for  the  major 
metabolite  peaks  and  the  Fourier  transform  of  the  initial  two 
points  of  these  FIDs  is  added  to  the  patients'  spectra.  This  was 
initially  done  by  hand,  but  was  quite  tedious.  Recently,  this 
feature  has  been  added  to  the  SA/GE  software  as  an  automated 
procedure.  After  baseline  correction,  the  peak  heights  are 
measured  as  well  as  the  chemical  shift  of  Pi  relative  to  PCr. 
Changes  in  peak  height  were  found  to  correlate  well  with  the 
changes  in  area  under  peaks  fitted  with  a  Lorentzian  curve  on 
several  volunteer  and  claudication  patients.  Some  broadening  of 
the  Pi  peak  occurs  shortly  after  recovery  starts;  however,  peak 
fitting  of  the  Pi  peak  at  this  time  is  difficult  due  to  it's  small 
amplitude.  For  calculation  of  the  absolute  values  of  the 
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metabolites  including  ADP  and  pH,  a  triangulation  method  was  used 
for  calculating  the  area  of  the  peaks  since  the  line  width  of  the 
metabolite  peaks  varied  between  the  metabolites.  The  base  length 
of  the  peak  was  manually  measured  and  multiplied  by  half  the  peak 
height  to  obtain  the  area.  Lorentzian  curve  fitting  for  40+ 
spectra  from  each  study  would  take  hours  of  time  with  our  current 
workstation.  Automation  of  fitting  is  possible  with  stable  spectra 
but  because  of  the  dramatic  changes  in  Pi  and  PCr  during  the 
exercise  testing,  the  current  automation  techniques  do  not  work 
well.  We  are  contemplating  obtaining  a  faster  workstation  so  that 
we  can  use  curve  fitting  techniques  on  all  of  the  spectra.  The  ADP 
concentrations  were  estimated  via  the  creatine  kinase  equilibrium 
equation  (247) .  ADP  is  thought  to  be  the  primary  control  of  the 
rate  of  aerobic  metabolism  (glycolysis)  in  muscle.  The  metabolites 
including  ADP  and  pH  were  compared  pre  and  post  treatment.  In 
addition,  recovery  curves  for  the  metabolites  that  changed  and  for 
the  pH  were  generated  and  fit  with  mono-exponential  curves  using 
Statistica  (Statsoft,  Tulsa,  OK)  to  obtain  rate  constants. 
Metabolite  concentrations 

The  ADP  concentration  was  calculated  from  the  following 
equation  (247),  which  assumes  equilibrium  of  the  creatine  kinase 
reaction : 

[ADP]  =  [ATP]  [creatine]  /Keq[PCr]  10pH 
Where  Keq,  the  equilibrium  constant  =  1.66  x  10*. 

The  ATP  concentration  [ATP]  is  constant  in  exercising  muscle 
until  PCr  is  nearly  depleted.  The  concentration  of  ATP  is  reported 
to  be  equal  to  5.5  mmol/kg  wet  wt  (247)  .  Assuming  that  muscle  is 
about  67%  water,  this  gives  [ATP]  =8.2  mM.  The  total  creatine 
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concentration  (which  includes  PCr) ,  is  relatively  constant  at  28.5 
mmol/kg  wet  wt.  (247).  The  [PCr]  =  (PCr  signal/ATP  signal)  *  8.2 
mM.  The  signals  are  corrected  with  relaxation  factors  to  account 
for  Tl  relaxation  differences  between  Pi,  PCr  and  ATP.  The  other 
metabolite  concentrations  were  calculated  based  on  their  relative 
concentration  to  ATP,  correcting  for  Tl  relaxation  differences, 
assuming  that  Tl  relaxation  times  do  nor  change  during  exercise. 
We  also  use  average  Tl  times  of  several  volunteers  for  the 
correction  as  the  time  involved  in  measuring  relaxation  times  on 
each  subject  would  be  prohibitive. 
Results  and  Discussion 

Significant  differences  in  the  exercise  spectra  were  seen. 
Figure  5-3  shows  selected  spectra  during  exercise  testing  from  a 
normal  volunteer,  a  PVD  patient,  and  a  CHF  patient,  all  done  at 
85%  of  the  patient  MVC .  The  decrease  in  PCr  and  increase  in  Pi 
during  exercise  is  mild  for  the  normal  subject,  moderate  for  the 
CHF  patient,  and  severe  for  the  PVD  patient.  Also  the  rate  of 
recovery  of  the  PCr  peak  is  delayed  in  the  CHF  patient  and  more 
severely  in  the  PVD  patient. 

Figure  5-4  shows  a  graph  of  the  changes  in  metabolites  and  pH 
as  a  function  of  time  for  a  normal  volunteer.  Figure  5-5  shows  the 
same  data  for  an  IC  patient.  The  PCr,  Pi,  and  ADP  show  more 
dramatic  changes  in  the  IC  patient  than  in  the  normal  patient. 
Because  the  normal  patient  can  exercise  for  a  longer  period,  he 
shows  greater  changes  in  pH  and  PME  than  does  the  IC  patient. 
Table  5-1  shows  the  mean  and  standard  deviation  of  the  resting 
PCr,  Pi,  pH,  and  ADP  for  normal  volunteers,  claudicants,  CHF 
patients,  and  heart  transplant  patients. 
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Figure 


Graph  of  metabolite  concentrations  and  pH  as  a 
function  of  time  for  a  normal  volunteer.  Each 
number  represents  a  32  sec  time  increment.  The 
arrows  indicate  the  starting  and  the  stopping  time 
for  exercise. 
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Figure  5-5  Graph  of  metabolite  concentrations  and  pH  as  a  function 
or  time  for  a  IC  patient.  Each  number  represents  a  32 
sec  time  increment.  The  arrows  indicate  the  starting 
and  the  stopping  time  for  exercise.  ~~  ' 
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Table  5-1 
Mean  and  Standard  Deviation  of  Resting  Metabolites  and  pH 


PME  mM 

Pi  mM 

PCr  mM 

ADP  m 

PH 

Normal 

1.92±1.14 

2.77±0.69 

38.1±0.92 

8.01±1.91 

7.10±0.04 

IC 

3.86±1.34 

5.83±1.34 

38.8±2.60 

6.92±1.41 

7.04±0.06 

CHF 

2.54±1.89 

3.42±0.89 

38.7±1.13 

7.38±2.55 

7.12±0.05 

Heart 
Trans 

1.79±0.26 

2.81±0.17 

37.9±0.70 

7.71±0.92 

7.08±0.06 

Table  5-2  shows  the  mean  and  standard  deviation  of  the  PCr, 
Pi,  pH,  and  ADP  at  their  maximum  extreme  at  or  near  the  end  of  the 
exercise  test. 


Table  5-2 
Mean  and  Standard  Deviation  of  the  Metabolites 
and  pH  at  their  Extremes 




PME  mM 

Pi  mM 

PCr  mM 

ADP  pM 

pH 

Normal 

5.93± 
3.54 

16.65± 
1.32 

11.751 
1.27 

137167 

6  .  65r 
0.19 

IC 

10. 61± 

3.73 

24.68± 
7.04 

5.36± 
2.31 

283192 

6.541 
0.21 

CHF 

5.02± 
3.16 

13.79± 
3.06 

10.591 

7.58 

187183 

6.621 
0.22 

Heart 
Transplant 

9.74± 
1.  97 

19.33± 
4.75 

7.441 
4.17 

1741162 

6.421 
0.09 

Table  5-3  shows  the  mean  and  standard  deviation  for  the 
exponential  recovery  rates  of  PCr,  Pi,  pH,  and  ADP  following  high 
intensity  exercise  for  the  same  groups  of  subjects.  All 
measurements,  except  the  PME  recovery  rates,  included  the  four 
normal  subjects,  three  claudicants,  four  CHF  patients,  and  four 
heart  transplant  patients.  The  PME  recovery  rates  for  the  normal 
subjects  and  the  CHF  patients  were  calculated  from  only  two  people 
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each.  Insufficient  change  in  the  PME  peaks  from  the  subjects  not 
included  was  seen,  preventing  satisfactory  curve  fitting. 


Table  5-3 
Mean  and  Standard  Deviation  of  the  Recovery  Rates  of 

Metabolites  and  pH 


PME  mM/s 

Pi  mM/s 

PCr  mM/s 

ADP  uM/s 

pH  u/sec 

Normal 

0.0087± 

0.0131 

(n=2) 

0.0255x 
0.0069 

0.0241± 
0.0081 

59.  9± 
10.0 

0.0087± 
0.0048 

IC 

0.004± 
0.0025 

0.0076± 
0.0045 

0.0065+ 
0.0025 

26. 7± 

11.0 

0.0027± 
0.0015 

CHF 

0.0041± 

0.0053 

(n=2) 

0.0085± 
0.00058 

0.0093± 
0.0011 

24. 9± 
7.3 

0.0017± 
0.0017 

Heart 
Transplant 

0.0038± 
0.0039 

0.0105+ 
0.0014 

0.01051 
0.0014 

32.  9± 

IS.  6 

0.0037± 
0.0010 

Statistical  analyses  of  the  minimum  and  maximum  metabolite 
and  pH  values,  MVC,  length  of  the  exercise  test,  as  well  as  the 
recovery  rates  were  performed  using  one-way  ANOVA  for  the  normal 
volunteers,  IC  patients,  CHF  patients,  and  heart  transplant 
patients.  A  statistically  significant  difference  at  the  a=0.05 
level  was  seen  for  the  ADP,  PCr,  Pi,  and  pH  recovery  rates  between 
normal  volunteers  and  each  of  the  three  sets  of  patients.  The 
resting  Pi  in  IC  patients  was  significantly  higher  than  that  in 
the  other  three  groups  of  subjects.  The  maximum  Pi  during  exercise 
was  significantly  higher  in  the  IC  patients  than  in  the  CHF 
patients.  The  MVC  of  normal  volunteers  was  significantly  higher 
than  that  of  CHF  patients.  The  length  of  the  exercise  test  was  not 
significantly  different  between  the  groups  because  of  a  large 
range  of  values  in  each  group  (See  Table  5-4) . 
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Table  5-4 
MVC  and  Time  to  Fatigue  during  Exercise  Test 


MVC  (PSI) 

Time  to  Fatigue 

(Min) 

Normal 

95.5±5.26 

6.05±2.58 

IC 

84.7±8.74 

3.19±1.32 

CHF 

72.5±16.58 

3.88±2.30 

Heart  Transplant 

76.3±7.01 

4.81±1.30 

The  differences  in  metabolite  and  pH  levels  and  recovery 
rates  between  normal  subjects  and  the  other  three  sets  of  subjects 
were  expected  and  anticipated  before  the  study.  The  metabolite 
concentrations  and  recovery  rates  for  the  heart  transplant 
patients  were  quite  different  from  normal  age-matched  volunteers 
and  were  only  slightly  better  than  patients  with  CHF.  This  latter 
finding  was  unexpected  and  raises  the  possibility  of  permanent 
peripheral  changes  in  skeletal  muscle  metabolism  that  fail  to 
improve  with  normal  cardiac  function.  We  will  test  patients 
immediately  prior  to  transplant  surgery  and  at  periodic  intervals 
posttransplant  to  decide  if  this  is  actually  the  case.  The  IC 
patients  appear  to  have  better  strength  but  worst  endurance  than 
the  CHF  patients  as  reflected  in  the  MVC  and  the  length  of  the 
exercise  test,  although  the  lenght  of  the  exercise  test  was  not 
significantly  different  between  the  two  groups.  The  differences  in 
maximum  Pi  may  reflect  the  higher  work  load  of  the  IC  patients. 


CHAPTER  6 
SUMMARY  AND  CONCLUSIONS 


P-31  Spectroscopy  of  Human  Osteosarcoma  in  a  Mouse  Model 
Our  data  show  a  significant  difference  in  the  change  of  the 
PCr/Pi  slope  after  treatment  between  sensitive  and  resistant 
osteosarcomas  implanted  into  nude  mice.  The  PCr/Pi  slope  change 
occurs  before  change  in  volume  of  the  tumor. 

Using  the  change  in  the  slope  of  the  PCr/Pi  ratio  after 
chemotherapy  to  detect  the  resistant  tumor,  we  can  select  a 
threshold  level  that  will  give  us  a  70*  specificity  and  a  54 
sensitivity.  This  is  not  quite  as  good  as  our  data  with  treated 
and  untreated  sensitive  tumors  but  is  qualitatively  similar.  We 
achieved  an  80-  specificity  and  a  63%  sensitivity  in  the  treated 
and  untreated  sensitive  tumors.  The  difference  between  these  two 
studies  is  to  be  expected  since  there  was  only  a  5-fold  difference 
in  drug  sensitivity  of  the  two  ceil  lines  in  vitro.  In  the  future, 
we  will  test  in  our  mouse  model  drugs  that  may  reverse 
chemotherapy  resistance  (290-293).  Differences  in  the  PME  between 
treated  and  untreated  mice  were  seen  as  we  hypothesized;  however, 
these  changes  occurred  while  the  volume  of  the  tumors  was  changed. 
This  makes  it  difficult  to  differentiate  between  change  in  PME  as 
a  direct  result  of  the  chemotherapy  and  change  in  PME  as  a  result 
in  change  in  volume  of  the  tumor  alone.  The  use  of  a  volume 


166 


167 
localization  technique  may  allow  differentiation  between  these  two 
explanations  of  PME  change. 

Anesthesia  with  Innovar-Vet  (fentanyl  0.4  mg/ml  and 
droperidol  20  rag/ml)  causes  marked  loss  of  thermoregulation  in  the 
nude  mouse  at  doses  required  for  immobilization  for  one  to  two 
hours.  With  this  drop  in  temperature  of  the  mouse  there  is  an 
increase  in  the  pH  of  the  tumor  as  measured  with  P-31  NMR.  The 
change  in  pH  is  -0.025±0.011  Units/°C  and  compares  favorably  to 
measurements  of  other  tissues  in  other  animals.  We  also  found  a 
statistically  significant  but  small  difference  between  the  rectal 
temperature  and  the  skin  temperature  of  the  mice  (1.32  3C,  range 
0.4-3.2  3C)  .  A  significant  but  small  increase  of  0.037±0.032  units 
pH  was  seen  as  the  anesthesia  wore  off.  Anesthesia  had  no 
significant  effect  on  metabolite  levels.  Innovar-Vet  appears  to  be 
a  useful  sedative  for  nude  mice  during  P-31  NMR  experiments. 
P-31  Spectroscopy  of  Musculoskeletal  Tumors  in  Humans 

A  significant  difference  in  the  PME  levels (p=0 . 0107 ) ,  PCr/Pi 
(p=0.0002),  pH  (p=0.0442),  and  p  AT?  (p=0.0498)  was  seen  between 
the  musculoskeletal  tumor  of  a  single  patient   and  normal  muscle 
from  volunteers.  Statistically  significant  differences  were  not 
seen  in  the  PCr,  Pi,  and  ADP  levels  because  of  large  variances.  It 
is  premature  to  draw  any  conclusions  from  this  one  patient,  except 
that  the  elevated  PME  and  depressed  PCr/Pi  are  consistent  with  the 
mouse  tumor  work  we  have  done. 

H-l  Spectroscopy  of  Human  Osteosarcoma  in  a  Mouse  Model 

H-l  MRS  of  implanted  mouse  tumors  is  technically  challenging 
because  of  susceptibility  effects  at  the  interface  between  the 
tumor  and  air  that  cause  broadening  of  the  peaks  of  interest.  The 
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Cho/Cr  ratio  was  found  to  be  elevated  as  has  been  reported  in  H-l 
MRS  of  other  tumors.  Use  of  the  4.7  T  system  with  improved 
spectral  dispersion,  and  implementation  of  STEAM  and  PRESS 
localization  techniques  should  prove  very  useful  in  doing 
additional  H-l  studies  in  mice  to  monitor  the  effects  of 
chemotherapy. 

H-l  Spectroscopy  of  Musculoskeletal  Tumors  in  Human  Patients 
Localized  H-l  MR  spectra  were  successfully  acquired  from 
spontaneous  tumors  in  humans.  The  H-l  spectroscopy  of 
musculoskeletal  tumors  showed  a  statistically  significant 
difference  between  the  mean  value  of  the  Cho/Cr  ratio  for 
malignant  tumors  when  compared  to  benign  tumors,  necrosis,  edema, 
and  muscle.  Overlap  of  the  range  of  Cho/Cr  values  for  malignant 
tumors  exist  with  that  of  benign  conditions.  This  difference  in 
Cho/Cr  between  malignant  tumors  and  benign  conditions  alone  is  an 
exciting  finding.  No  significant  difference  was  seen  between  the 
benign  tissues  with  the  small  number  of  subjects  evaluated. 
Significant  changes  in  the  Cho/Cr  ratio  were  demonstrated 
following  therapy,  being  more  marked  in  the  tumors  that  responded 
well  to  therapy.  One  of  the  tumors  showed  a  change  in  the  Cho/Cr 
ratio  on  the  third  day  after  start  of  chemotherapy,  prior  to  any 
size  or  appearance  change  on  MRI  !  Areas  of  necrosis  in  tumors  were 
found  to  have  an  80%  larger  lipid  signal  than  areas  of  viable 
tumor.  More  subjects  need  to  be  done  to  determine  the  efficacy  of 
H-l  MRS  in  differentiating  chemotherapy  responders  from 
nonresponders.  These  subjects  will  need  to  be  followed  for  several 
years  to  determine  any  correlations  between  spectra  and  long-term 
survival . 
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Exercise  Studies 

For  IC  patients,  significant  improvements  were  seen  in 
duration,  rate,  and  total  distance  walked  without  pain  (p< 
0.0001) .  During  stress  testing,  the  time  to  onset  of  pain 
increased  from  2.09  min  to  6.89  min  (p<0.0001)  and  the  maximum 
time  walked  increased  from  9.01  min.  to  12.52  min.  (p=0.0001) .  The 
ABI  showed  a  modest  but  statistically  significant  5.3%  increase 
post  training  (p=0.0222).  These  findings  suggests  that  improvement 
in  the  blood  supply  to  the  exercise  muscle  in  PVD  patients  occurs 
after  a  low  intensity  exercise  training  program.  Improvement  in 
mitochondrial  oxidative  enzyme  activity  may  occur  as  well. 
Improvement  in  the  patients'  exercise  endurance  with  resulting 
improvement  in  quality  of  life  was  demonstrated.  P-31  MRS  showed 
no  significant  change  in  the  recovery  rates  of  metabolites  in  the 
patients  from  pre-  to  post-training,  probably  because  of  the 
diversity  of  the  patients  in  terms  of  the  severity  of  their 
disease . 

To  our  knowledge,  no  other  investigators  are  monitoring  LI 
exercise  therapy  in  PVD  patients  with  P-31  MRS,  although  this  type 
of  exercise  has  many  advantages.  Submaximal  exercising  de- 
emphasizes  the  participation  of  the  anaerobic  energy  systems, 
which  produce  energy  inefficiently,  and  are  thought  to  trigger  the 
claudication  pain.  As  a  result  of  de-emphasizing  anaerobic 
glycolysis,  the  potential  length  of  the  exercise  bout  increases. 
Submaximal  endurance  exercising  trains  the  aerobic  energy  systems 
which  are  associated  with  oxidative,  pain-free  activity.  The 
motivational  advantage  of  pain-free  training  is  clearly  much 
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greater  than  that  of  "no  pain,  no  gain"  exercise,  in  particular 
for  claudicants.  Long-term  follow  up  will  show  if  any  significant 
improvement  in  morbidity  or  mortality  occurs  with  this  type  of 
training. 

The  exercise  testing  of  normal  volunteers,  IC  patients,  CHF 
patients,  and  heart  transplant  patients  showed  some  expected,  and 
also  unexpected  findings.  A  statistically  significant  difference 
at  the  a=0.05  level  was  seen  for  the  ADP,  PCr,  Pi,  and  pH  recovery 
rates  between  normal  volunteers  and  each  of  the  three  sets  of 
patients.  We  had  expected  the  normal  volunteers  to  have  faster 
recovery  than  the  CHF  and  IC  patients  but  had  thought  that  after 
six  months  to  a  year  postsurgery,  the  heart  transplant  patients 
would  recover  at  a  similar  rate  to  normals.  This  was  not  the  case. 
The  MVC  of  normal  volunteers  was  significantly  higher  than  that  of 
CHF  patients.  The  extremes  in  metabolite  concentrations,  as  well 
as  the  recovery  rates  for  the  heart  transplant  patients  were  quite 
different  from  normal  age-matched  volunteers  and  were  only 
slightly  better  than  patients  with  CHF.  This  raises  the 
possibility  of  permanent  peripheral  changes  in  skeletal  muscle 
metabolism  that  fail  to  improve  with  normal  cardiac  function.  We 
will  test  patients  immediately  prior  to  transplant  surgery  and  at 
periodic  intervals  posttransplant  to  decide  if  this  is  actually 
the  case. 


Summary 


The  most  promising  results  of  this  dissertation  in  the  long- 
term  are  the  early  changes  m  H-l  MRS  seen  in  the  musculoskeletal 
tumors  of  patients  that  respond  to  therapy.  In  one  patient, 
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changes  were  seen  within  three  days  of  start  of  treatment,  three 
weeks  prior  to  any  change  in  size  of  the  tumor.  With  more 
experience  and  long-term  followup,  we  may  be  able  to  reduce  the 
long  and  costly  course  of  chemotherapy  for  those  patients  that 
fail  to  respond. 

In  the  short-term,  the  lack  of  significant  difference  in  the 
post-exercise  spectra  and  recovery  rates  between  the  CHF  and  heart 
transplant  patients  will  spur  us  to  do  longitudinal  studies  of  the 
heart  transplant  patients.  We  will  try  to  enter  patients  waiting 
for  a  heart  transplant  into  an  exercise  program  before  their 
surgery,  in  hopes  of  improving  their  long  term  fitness. 


APPENDIX  A 
SAMPLE  SIZE  DETERMINATION 

The  proper  sample  size  can  be  determined  given  the  following 

information:  1)  The  expected  difference  of  the  mean  of  the  control 

and  experimental  group  (5) .  2)  The  standard  deviation  (a)  of  those 

measurements.  3)  The  desired  confidence  limits  for  making  a  type  I 

error  (a  or  false  positive)  and  a  type  II  error  (3  or  false 

negative)  (294).  The  sample  size  was  calculated  with  a  statistical 

software  program  (Execustat,  version  2.0,  Strategy  Plus,  Inc., 

Boston,  Mass.)  using  the  following  equation: 

n  =  2  (t2 ,„.„,„  +  tZ{n.l)ti)z    *    oz    I    (5): 

where: 

a   =  .05 

3   =  .05 

a  =  standard  deviation 

5   =  difference  of  the  means 
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APPENDIX  B 
STUDY  SUBJECT  DEMOGRAPHICS 

These  are  statistics  from  the  last  50  cases  of  lower 

extremity  osteosarcomas  on  record  in  the  University  of  Florida 

Tumor  Pathology  Registry: 

Gender  Distribution: 


Male  62%         Female  38% 
Race  Distribution: 


White  72%        Black  22%        Hispanic  4%  Asian  2% 

Age  Distribution  (in  years'): 

1-10:  12%    11-20:  54^     21-30:  18%     31-40:  6%    41+:  6% 

The  age  and  sex  distribution  reflect  the  published  statistics 
of  peak  occurrence  in  the  second  and  third  decade  of  life  and 
slight  male  predominance  (128).  Osteosarcoma  occurring  in  patients 
over  the  age  of  40  years  is  invariably  secondary  to  Paget 's 
disease  of  the  bone  or  to  prior  radiation  therapy.  These  patients 
are  excluded  from  the  chemotherapy  protocol  that  is  being  used. 
The  race  distribution  reflects  that  of  our  community,  our  subject 
demographics  reflect  the  above  statistics. 
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APPENDIX  C 
INFORMED  CONSENT  FORM  FOR  MUSCULOSKELETAL  TUMOR  PATIENTS 


Informed  Consent  to  Participate  in  Research 


J.  Hillis  Miller  Health  Center 

University  of  Florida 

Gainesville,  Florida  32610 


You  are  being  asked  to  participate  in  a  research  studv.  This  form  is  designed  to 
provide  you  with  information  about  this  studv  and  to  answer  anv  of  vour  questions. 


1 .  TITLE  OF  RESEARCH  STUDY 

Therapy  Monitoring  of  Osteosarcoma  with  Proton 
Magnetic  Resonance  Spectroscopv 


2.  PRINCIPAL  INVESTIGATOR(S) 

J.  Ray  Ballinger,  M.D. 
Consultant,  Dept.  of  Radiology 

Telephone  Number:  (904)  374-6101 


Katherine  N.  Scott,  Ph.D. 
Professor  of  Radiology 

Telephone  Number:  (904)  376-161 1  ext.  5066 
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3.  THE  PURPOSE  OF  THE  RESEARCH 

This  test  is  part  of  a  research  project  to  determine  the  usefulness  of  nuclear 
magnetic  resonance  (NMR)  spectroscopy.  Our  plan  is  to  get  pictures  of  internal 
parts  of  the  bodv  without  the  use  of  X-rays.  Another  part  of  our  plan  is  to  get 
information  about  the  chemistrv  of  the  muscles  and  bone  without  the  use  of  biopsv 
and  laboratory  tests. 


4.   PROCEDURES  FOR  THIS  RESEARCH 

You  will  lie  on  a  bed,  which  then  rolls  into  the  opening  of  a  large  magnet.  A 
computer  looks  at  the  radio  waves  passing  through  your  bodv  and  constructs 
pictures  and  chemical  information  from  them.  The  total  procedure  will  last  about 
90  minutes,  with  "stretch  break"  half  wav  through.  The  first  half  of  the  test  will  give 
the  pictures.  The  second  half  of  the  test  gives  the  chemical  information. 

At  a  later  date,  the  procedure  mav  be  repeated.  This  is  to  see  what  effect 
therapv  has  on  the  pictures  and  the  chemistrv  of  the  muscles  and  bone.  The 
chemical  information  part  of  the  test  is  experimental,  but  has  been  done  on  manv 
volunteers  and  patients  at  other  institutions. 


5.   POTENTIAL  RISKS  OR  DISCOMFORTS 

Although  verv  strong  magnets  and  radio  waves  can  be  hazardous,  this  device 
operates  at  lower  strengths  that  have  no  known  risks  or  danger.  There  is  no 
discomfort  associated  with  the  procedure. 

Since  the  equipment  uses  a  magnet,  vou  must  not  have  anv  metal  objects  in 
vour  bodv  such  as  pacemakers,  blood  vessel  clips  in  the  head,  or  medical  pumps. 
Likewise,  metal  objects  such  as  coins,  glasses,  hair  pins,  jewelrv,  and  mascara  should 
not  be  present  when  vou  go  into  the  magnet. 

If  you  wish  to  discuss  these  or  anv  other  discomforts  vou  mav  experience, 
you  mav  call  the  Project  Director  listed  in  #2  of  this  form. 


6.   POTENTIAL  BENEFITS  TO  YOU  OR  TO  OTHERS 

There  is  a  chance  that  the  information  we  get  mav  provide  a  better 
understanding  of  your  disease.  There  is  also  a  chance  that  you  will  not  receive  any 
direct  benefit.  If  the  test  is  useful,  it  may  provide  better  pictures  than  those  from  X- 
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ravs  and  CAT  scans.  In  the  future,  the  test  may  provide  information  about  the 
chemistry  of  the  bodv  without  the  use  of  biopsy  and  laboratory  tests. 


7.  ALTERNATIVE  TREATMENTS  OR  PROCEDURES,  IF  APPLICABLE 

As  an  alternative  procedure,  conventional  X-rav  and  computerized  X-ravs 
(CAT  scans)  are  available  which  might  provide  helpful  information.  Biopsy  and 
laboratory  tests  can  provide  chemical  information.  Choosing  not  to  participate  in 
this  studv,  will  in  no  wav  affect  your  care. 

8.  GENERAL  CONDITIONS 

I  understand  that  will /  will  not      X    receive  monev  for  mv  participation  in  this  studv. 

If  I  am  compensated,  I  will  receive: 


I  understand  that  I  will /will  not      X    be  charged  additional  expenses  for  my 

participation  in  this  studv.    If  I  am  charged  additional  expenses  these  will  consist  of: 

I  understand  that  I  am  free  to  withdraw  mv/  mv  child's  consent  and  discontinue  participation  in 
this  research  project  at  any  time  without  this  decision  affecting  my/  my  child's  medical  care.    If 
vou  have  anv  question  regarding  vour  rights  as  a  subject,  vou  mav  phone  (904)  392-3063. 
In  the  event  ot  mv/  mv  child's  sustaining  a  phvsical  injurv  which  is  proximately  caused  bv  this 

experiment,    Prolessionai  Medical care  received  at  the  J.  Hillis  Miller  Health  Center 

exclusive  of  hospital  expenses  will  be  provided  to  me  without  charge.   This  exclusion  of  hospital 
expenses  does  not  appiv  to  patients  at  the  Veterans  Administration  Medical  Center  ( VAiMC) 
who  sustain  phvsical  injurv  during  participation  in  VAMC-approved  studies.    It  is  understood 
that  no  form  of  compensation  exists  other  than  those  described  above. 
I  also  understand  that  the  Universitv  of  Florida  and  the  Veterans  Administration  Medical 
Center  will  protect  the  confidentiality  of  mv  records  to  the  extent  provided  bv  Law.   The  Studv 
Sponsor,  Food  and  Drug  Administration  or  either  Institutional  Review  Board  may  ask  to  review 
my  records,  however  the  records  will  remain  confidential  as  only  a  number  and  initial  will  be 
used. 

9.   SIGNATURES 

I  have  fullv  explained  to 


the  nature  and  purpose  ot  the  above-described  procedure  and  the  benefits  and  risks  that  are 
involved  in  its  pertormance.    I  have  answered  and  will  answer  all  questions  to  the  best  of  my 
ability.   I  mav  be  contacted  at  telephone  number:   374-6101  (JRB),  or  376-161  1,  ext.  5066 
(KNS) 


Signature  of  Principal  or  Co-Principal  Date 

Investigator  Obtaining  Consent 


177 


I  have  been  fully  informed  of  the  above-described  procedure  with  its  possible  benefits  and  risks 
and  I  have  received  a  copy  of  this  description.   I  have  given  permission  of  my/  my  child's 
participation  in  this  study- 


Signature  of  Patient  or  Subject  or  Date 

Relative  or  Parent  or  Guardian  (specify) 


Signature  of  Child  (7  to  17  yrs.  of  age)  Date 


Signature  of  Witness  Date 


APPENDIX  D 
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APPENDIX  E 
EQUIPMENT  LIST 

2T  Animal  Imaging  Spectrometer 

Spectroscopy  Imaging  Systems  Corporation  Model  VIS  85/310 

imaging  spectrometer  (a  Varian  and  Siemens  joint  venture) .  This 

included  a  2  Tesla,  310  mm  diameter  horizontal  bore  Oxford 

Instruments  magnet  with  a  complete  shim  and  gradient  system.  The 

system  was  capable  of  a  maximum  gradient  strength  of  2/gauss/cm 

with  1  millisecond  rise  time.  The  RF  capability  consisted  of 

frequency  synthesizers,  two  broad-band  transmitters,  power 

amplifiers,  a  heterodyne  receiver  system,  and  various  RF  coils  for 

receiving  H-l,  F-19,  P-31,  C-13,  and  Na-23  signals.  The  2T  system 

was  used  for  the  osteosarcoma  implanted  into  nude  mice  portions  of 

this  dissertation  project. 

Sun  3/110  Work  Station 

Equipped  with  4  Mbytes  RAM,  15-inch  color  raster,  and 

Ethernet  transceiver  that  connects  all  the  Shands  and  VA  NMR 

facilities . 

General  Electric  (GE)  Signa  Whole  Body  Scanner 

A  1.5  Tesla  whole  body  magnetic  resonance  scanner  at  the 

Shands  Hospital  Remote  Site.  The  magnet  has  a  one  meter  bore 

diameter  and  resistive  shim  coils.  Used  to  collect  data  for  the 

human  tumor  studies,  the  second  set  of  claudication  patients,  and 

the  heart  patients. 
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The  scanner  currently  has  the  GE  5 . 4  version  of  Spectroscopy 
software.  This  includes  programs  to  perform  1-D  and  2-D  CSI, 
STEAM,  SPARS,  PRESS,  DRESS,  ISIS,  and  single-pulse-acquire 
sequences . 

Sun  IPC  work  station 
Equipped  with  GE  SA/GE  spectroscopy  software  to  process  our 
data  from  the  whole  body  imager/spectrometer . 

Siemens  Whole  Body  Scanner 
A  1.5  Tesla  whole  body  magnetic  resonance  scanner  at  the  VA 
Medical  Center.  Used  to  acquire  data  from  the  first  set  of 
claudication  patients. 


APPENDIX  F 
EXPERIMENTAL  PARAMETERS  FOR  MRS 

STEAM  and  PRESS 


Equipment  Parameters 
Static  Field  Strength: 
Homogeneity,  Localized  Volume: 


Frequency  of  H-l  Nucleus 
RF  Coil  (Leg  &  Phantoms) 


RF  Coil  (Human  head) : 

Gradient  Strength: 
RF  Amplifier  Power: 
Scan  Parameters 
Repetition  Time: 
Echo  Time  STEAM: 
Echo  Time  PRESS 
Mixing  Time: 
Flip  angle: 

Volume  Selective  Pulses: 
Pulse  width: 


1.5  T 

2-7  Hz  (Phantom) 

7-9  Hz  (Human  head) 

3-13  Hz  (Human  leg) 

63.396  MHz 

Inductively  coupled,  paired 

saddle-shaped  coil,  15  cm 

diameter  or  10  cm  diameter 

surface  coil. 

25  cm  diameter,  quadrature  bird 

cage 

1  gauss /cm 
16  kw 

2  sec 

30  ms  and  136  ms 

80  ms  and  140  ms 

10.8  ms  and  13.6  ms 

90° 

Optimized  5-lobe  sine  pulse 

3 .  6  ms 
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Water  Suppression  Pulse: 

Pulse  width: 

Bandwidth: 
Spoiler  gradient  pulse  width: 
Field  of  View: 

Spectral  Width: 

Number  of  Acquired  Points: 

Spectra  Acquisition  Time: 

Total  Study  Time: 

Digital  Resolution  of  Images: 


Sine-Shaped 

15.5-24.8  ms 

50-80  Hz 

16  ms 

16-32  cm  (Leg,  Phantoms) 

24  cm  (Head) 

1000  Hz 

2048 

4.3-10.7  min 

45-75  min 

128x256  points 


Mouse  H-l  MRS  Studv  on  2T  Svstem 


Equipment  Parameters 
Static  Field  Strength: 
Homogeneity,  Localized  Volume: 

Frequency  of  H-I  Nucleus: 
RF  Coil  (tumor  &  Phantoms) : 

Gradient  Strength: 
RF  Amplifier  Power: 
Scan  Parameters 
Repetition  Time: 
Echo  Time: 
Flip  angle: 


2  T 

4-10  Hz  (Phantom) 
20-30  Hz  (mouse  tumor) 

3  9  MHz 

15  mm  diameter,  3-turn  solenoid 

coil 

2  gauss /cm 

2  kw 

-2.1  sec 

3  0  ms 
90° 
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Water  Suppression  Pulse: 

Pulse  width: 

Bandwidth: 
Field  of  View: 
Spectral  Width: 
Number  of  Acquired  Points 
Spectra  Acquisition  Time: 
Total  Study  Time: 


Optimized  5-lobed  sine  pulse 

2  0  ms 

250  Hz 

8  cm  (phantoms  and  tumors) 

1200  Hz 

2048 

17-27  min 

60-90  min 


Surface  Coil  Phosphorus  Exercise  Studies 


Equipment  Parameters 
Static  Field  Strength: 
Homogeneity,  Localized  Volume: 


Frequency  of  P-31  Nucleus: 
RF  Coil  (Leg  &  Phantoms) : 


Gradient  Strength: 
RF  Amplifier  Power: 
Scan  Parameters 
Repetition  Time: 
Acquisition  Delay: 
Flip  angle: 
RF  pulse  shape: 

Pulse  width: 


1.5  T 

3-7  Hz  (Phantom) 

7-9  Hz  (Human  head) 

11-17  Hz  (Human  leg) 

25.87  MHz 

6  cm  diameter  surface  coil 

double-tuned  to  H-l  and  P-31. 

15  cm  half-saddle  coil  double- 
tuned  to  H-l  and  P-31. 

1  gauss/cm 

16  kw 

2  sec 
0.98  ms 
90° 

gaussian 
1  ms 
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Spectral  Width: 

Number  of  Acquired  Points 

Averages  per  spectrum: 

Spectra  Acquisition  Time: 
Total  Study  Time: 


2000  Hz 

2048 

16  during  exercise  &  recovery, 

64  pre-  and  posttest. 

32  sec  each,  for  27  min 

60-90  min 


APPENDIX  G 
CHEMOTHERAPY  PROTOCOL 

The  following  table  gives  an  outline  of  the  chemotherapy 

protocol  as  well  as  the  imaging/spectroscopy  study  protocol. 


Prechemo 

Week  0 

Week  3 

Week  6 

Week  3 

Week  10 

CTX 

Biopsy 

X 

X 

Surgery 

VP16 

X 

X 

CDDP 

X 

X 

ADR 

X 

X 

CT 

X 

X 

X 

MRI 

X 

X 

X 

x 

MRS 

X 

X 

X 

X 

X 

Abbreviations:  CTX-Cytoxan;  VP16-VePesid;  CDDP-Cisplatin;  ADR- 
Adriamycin,  MTX-Methotrexate . 


After  surgery,  the  following  protocol  is  followed  for  both 
the  good  responders  to  presurgical  chemotherapy  (X)  and  the  poor 
responders  to  presurgical  chemotherapy  (Y) . 


Week: 

12 

15 

18 

21 

24 

27 

30 

33 

CTX 

X 

X 

X 

X 

VP16 

X 

X 

X 

X 

CDDP 

XY 

XY 

XY 

XY 

ADR 

XY 

XY 

XY 

XY 

MTX 

Y 

Y 

Y 

Y 
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APPENDIX   H 
Bl    DISTRIBUTION    PLOTS    FOR    RF   COILS 


Bl    distribution    on   half    saddle    coil 


7.5  cm  0.834  1.6  1.33  1.39  1.95  2.63 


6.25  cm  2.91  2.48  2.64  2.72  2.61  3.06  2.36 


5.0  cm  1.83  3.69  3.25  4.42  4.81  3.83  3.67  3.77 


3.75  cm  3.9  5.93  4.78  6.37  6.44  5.58  4.48  4.43 


2.5  cm  1.96  10.3  8.57  8.62        10.59  7.54  7.12  5.07 


1.25  cm  5.69        12.25        14.13        20.19        15.96  7.28 


1.14  3.59  7.09  8.75  7.71 


0  1.25  cm    2.5  cm      3.75  cm    5  cm         6.25  cm    7.5  cm      8.75  cm 
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Bl  Distribution  of  Large  Shoulder  Coil 
1.11  bottle,  NaP04  and  NiS04 


11.5  cm  0.67  0.71  0.7  0.63 

9.5  cm      0.88  1.02  1.09  1.05  0.96     0.77 

7.5  cm      1.34  1.52  1.59  1.56  1.43     1.15 

5.5  cm       2.1  2.22  2.25  2.23  2.1     1.76 

3.5  cm       3.23  3.07  3  3  3.04     2.88 

1.5  cm  3.65  3.44  3.51  3.87 

R  4.5  cm  R  2.5  cm  R  0.5  cm  L  1.5  cm  L  3.5  cm  L  5.5  cm 

31  Distribution  of  Small  Shoulaer  Coil 

9.5  cm       0.52  0.65  0.74  0.76  0.71 

7.5  cm       0.76  0.98  1.13  1.19  1.16     0.96 

5.5  cm       1.13  1.51  1.71  1.83  1.91     1.82 

3.5  cm        1.9  2.33  2.43  2.56  2.9 

1.5  cm  3.56  3.07  2.99 

R  4.0  cm  R  2.0  cm  R  0.0  cm  L  2.0  cm  L  4.0  cm  L  6.0  cm 
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